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1. Epilepsy 
1.1 Epilepsy
Epilepsy is a common chronic neurological disorder affecting 0.5-1% of the population 
(Hauser et al., 1993). According to the definition of the International League against 
Epilepsy (ILAE), epilepsy is a disorder of the brain characterized by enduring 
predisposition to generate recurrent epileptic seizures (Seino, 2006). Epilepsy 
indicates a persistent epileptogenic alteration of the brain. In contrast, an epileptic 
seizure is a transient occurrence of signs and/or symptoms due to excessive or 
synchronous neural activities in the brain. An epileptic seizure is often characterized 
by the presence of onset and termination, clinical manifestations and enhanced 
synchrony (Fisher et al., 2005). Acute seizures reflect natural responses to transient 
loss of homeostasis (Engel, 2006). A single seizure is not sufficient for epilepsy 
diagnosis unless it is associated with endearing alteration in the brain to increase the 
probabilities of the occurrence of subsequent seizures (Fisher et al., 2005).
 Epilepsy is not a singular disease entity but rather represents a variety of epilepsy 
types and syndromes. Different epilepsy syndromes involve different etiologies, 
seizure types, and treatment strategies. Thus, as heterogeneous as epilepsy is, it is 
necessary to categorize specific seizure type and syndrome for clinical diagnosis. 
Epileptic seizures are classically divided as two categories: partial (with seizure onset 
in one hemisphere) or generalized seizures (with seizure onset in both hemispheres) 
(Engel, 2001). Partial seizures are further subclassified as simple or complex type 
depending on whether consciousness is impaired (Engel, 2001). Generalized seizures 
are subdivided as convulsive or non-convulsive types depending on the presence of 
clinical manifestations such as tonic and/or clonic behaviors. Both simple and complex 
partial seizures can develop into secondary generalized seizures. 
1.2 Temporal Lobe Epilepsy
Temporal lobe epilepsy (TLE) is a common type of epilepsy, consisting of one third of 
the population of patients with epilepsy. TLE is also the most medically refractory 
type of epilepsy in human adults (Kwan and Brodie, 2000). In this type of epilepsy, 
complex partial seizure is the typical seizure type with the potential of secondary 
generalization. Patients with TLE often had initial precipitating insults in the past such 
as cerebral infection, complex febrile seizures or continuous seizure state as status 
epilepticus (SE). It was followed by a latent period and eventually the occurrence of 
spontaneous seizures. 
 One prominent feature for TLE is hippocampal sclerosis (HS), namely, neuronal 
loss and gliosis in different subfields of the hippocampus. Hippocampal sclerosis 
often involves extensive loss of pyramidal cells in the comu ammonis area (CA1, CA3) 
and interneurons in dentate hilus, with sparing of dentate granule cells (Ben-Ari, 
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1985; Nadler et al., 1978). Hippocampal sclerosis was observed in 66% of patients with 
TLE (Babb and Brown, 1987). However, there is considerable debate over whether 
hippocampal sclerosis is the cause or effect of seizures. Other characteristic pathological 
changes that might underlie mechanisms of epileptogenesis in TLE are axon sprouting 
and synaptic reorganization in the hippocampus. For example, aberrant synapses of 
mossy fibers could form functional recurrent connections for granule cells, resulting 
in lowered threshold for synchronized activities (Nadler, 2003). Besides, magnetic 
resonance imaging (MRI) showed hippocampal atrophy and positron emission 
tomography (PET) scan showed functional changes in the hippocampus in TLE 
patients. Importantly, surgical removal of the hippocampus can lead to seizure free 
for 70% of patients with TLE (Spencer, 2002). In short, these several lines of evidence 
strongly suggest that the hippocampus plays a crucial role in the process of epilepto-
genesis in TLE. 
2. Hippocampus
2.1 Hippocampus
The hippocampal formation, situated in the mesial temporal lobe, contains several 
subareas such as the dental gyrus (DG), comu ammonis regions (CA1-4) and subiculum 
(Amaral and Witter, 1989). The major circuit within the hippocampus is the classic 
tri-synaptic pathway (Fig 1): signal inputs from the superficial layers (II or III) of the 
entorhinal cortex (EC) propagate to the DG via the perforant pathway, and then 
project to the CA3 through mossy fibers. Next, pyramidal neurons in the CA3 area 
send outputs to the CA1 area via the Schaffer collateral pathway or to the contralateral 
hippocampus. CA1 neurons further project to the subiculum that in turn projects to 
the deep layers (V or VI) of the EC (Amaral and Witter, 1989). This classic pathway 
comprises mainly glutamatergic projections, which forms as a feed-forward excitatory 
loop. 
 Another feature of the hippocampus, esp. the CA3 area is the extensive network 
of excitatory recurrent collateral connections. Evidence from a neurophysiological 
study (Miles and Wong, 1983) has shown that even the participation of a small 
percentage of recurrent collateral synapses in the hippocampus is sufficient to 
generate synchronized activities. It is hypothesized that given this prominent feature, 
a range of convulsant agents such as KA and bicuculline are able to generate seizures 
in the CA3 area but not in the more isolated CA1 area. This indicates that the CA3 
could act as the pacemaker to generate synchronized activities (Ben-Ari and Cossart, 
2000). 
 Importantly, high affinity of kainate receptors was expressed in the stratum lucidum 
in the mossy fiber region. Indeed, the CA3 area is proven to be highly susceptible to 
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the epileptogenic action of KA. Recording from the CA3 pyramidal cells showed that 
a small concentration (100-500 nM) of KA could induce postsynaptic depolarization 
and generate spontaneous action potential discharges (Ben-Ari and Gho, 1988; 
Robinson and Deadwyler, 1981). In vitro studies demonstrated (Bureau and Mulle, 
1998; Castillo et al., 1997; Mulle et al., 1998) that CA3 pyramidal cells were 10-30 fold 
more sensitive to bath-applied KA than CA1 pyramidal cells. 
 Therefore, it is hypothesized that initial activation of high-affinity kainate 
receptors on mossy fiber synapses and subsequent activation of excitatory recurrent 
connections result in a low threshold for the generation of synchronized activities in 
the hippocampus and CA3 area in particular (Ben-Ari and Cossart, 2000). These 
properties provide impetus for the investigation of the hippocampus as a target of 
interest for epilepsy research and treatment.
 On the other hand, the hippocampus has been investigated in a range of cognitive 
phenomena and plays an important role in learning and memory processes (Bird and 
Burgess, 2008; Burgess et al., 2002). One candidate of synaptic mechanisms for 
learning and memory is long-term potentiation (LTP) and long-term depression (LTD). 
LTP is characterized by a long-lasting increase in synaptic efficacy in response to a 
brief period of high frequency stimulation. LTD refers to persistent decrease of 
synaptic transmission, dependent on earlier stimulation. Synaptic plasticity such as 
LTP and LTD could underlie not only the mechanism of learning and memory but also 
Figure 1  The main intrahippocampal circuit. 
Inputs of the EC project to the DG via the perforant pathway, then to the CA3 through mossy 
fibers, which in turn projects to the CA1 area via the Schaffer collateral pathway. CA1 neurons 
further project to the subiculum and then project back to the EC and other areas such as the 
perirhinal cortex, amygdala and thalamus. DG: dental gyrus; EC: entorhinal cortex; Sub: 
subiculum; MF: mossy fibers; PP: perforant pathway; SC: Schaffer collateral. Adapted from 
Moser (2011).
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that of epilepsy, given that seizures might saturate synapses by long-term facilitation 
and reduce the capacity of plasticity (Meador, 2007). LTD is indeed considered as one 
mechanism for the anti-epileptic effects of low frequency stimulation in experimental 
seizure models (Albensi et al., 2004; Schrader et al., 2006). 
2.2 The subiculum
The subiculum is relatively less studied compared to the rest of the hippocampus 
subfields such as the CA1 and CA3 area, but is receiving increasing attention, driven by 
its role in spatial encoding (Sharp and Green, 1994; Taube, 1995) and epilepsy (Cohen 
et al., 2002).
 The subiculum, situated between the CA1 area and EC, is considered as the major 
output of the hippocampus proper (Fig 1). In the classic tri-synaptic pathway, the 
subiculum receives primary inputs from the CA1 and projects further to the EC (Witter 
and Groenewegen, 1990). The subiculum also projects to the pre- and para-subiculum 
(Funahashi et al., 1999) (Fig 2), which projects in turn to the superficial layers of the 
EC (O’Mara, 2005; O’Mara, 2006; O’Mara et al., 2001). Besides the major EC and 
hippocampal connections, a variety of small circuits has been reported. For example, 
the EC also projects to the CA1 and subiculum without going through the DG or CA3 
(Witter et al., 2000). Some in vitro study (Harris and Stewart, 2001) even showed 
functional pathway in which synchronous activities could propagate backward to the 
CA1. Besides constitution of the entorhinal-hippocampal circuits, the subiculum also 
projects to a range of cortical and subcortical structures such as the perirhinal cortex 
(Deacon et al., 1983; Swanson et al., 1978), amygdala (Canteras and Swanson, 1992) 
and thalamus (Stafstrom, 2005; Witter et al., 1990). These intrinsic and extrinsic 
connections of the subiculum, serving as reentrant pathways, can lead to synchronized 
reverberating circuits (Kloosterman et al., 2004; Knopp et al., 2005). It was also 
hypothesized that the subiculum might undergo epileptogenic plasticity to become a 
secondary focus in the course of TLE (Knopp et al., 2005). 
 The subiculum consists of three principle layers: a molecular layer, an enlarged 
pyramidal cell layer, and a polymorphic layer. The pyramidal cell layer is packed with 
large pyramidal cells that are looser compared to the CA1 area. Four types of neurons 
are classified based on response properties of neurons under various conditions in 
rats: bursting cells, regular spiking cells similar to CA1 pyramidal neurons, theta-mod-
ulated and fast spiking (putative inhibitory interneurons) cells (Menendez de la Prida 
et al., 2003). Although little is known about the role of each type of cells, it has been 
shown that bursting cells participate in sustaining hippocampal gamma oscillations 
(Stanford et al., 1998) and epileptiformic activities (Cohen et al., 2002). 
 In vitro studies on human hippocampal tissue showed spontaneous rhythmic 
activities in the subiculum (Cohen et al., 2002; Wozny et al., 2003), reminiscent of interictal 
spikes observed in epilepsy patients. Similarly, intrinsic generation of spontaneous 
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rhythmic activities was also demonstrated in the isolated subiculum in epileptic rats 
(Behr and Heinemann, 1996) and in non-epileptic rats (Wu et al., 2005; Wu et al., 
2006). These spontaneous activities and interictal spikes might represent similar 
epileptic processes, given the recurrence rate and morphological analogies of both 
types of events. 
 In summary, the cellular and network properties of the subiculum suggests that 
it is highly susceptible to synchronous activities and could participate in seizure 
generation and propagation under pathological situations. These features point 
towards the potential of the subiculum as a target of interest for DBS, which is our 
focus in the current thesis.
Figure 2  Intrinsic connections of the subiculum within the hippocampal network.
The subiculum receives direct inputs from the CA1, EC and perirhinal cortex, as shown by blue 
lines and arrows. The red lines and arrows indicate that the subiculum sends its outputs to the 
deep layers (V and VI) of the EC, the pre- and para-subiculum and prefrontal cortex. DG: dental 
gyrus; EC: entorhinal cortex; Sub: subiculum. Adapted from O’Mara et al (2001).
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3. Animal models of TLE
3.1 Acute seizure models
Acute seizure models serve as valuable tools to investigate the neural basis of ictal 
discharge and seizure termination. Acute seizure models are divided into two 
categories: generalized and localized seizure models, according to the seizure type. 
Acute generalized seizures are induced by electroshock, insults such as trauma or 
systemic administration of chemoconvulsant agents. Acute localized seizures are 
induced by local electrical stimulation or focal administration of chemoconvulsant 
agents (Engel and Schwartzkroin, 2006). Unlike epilepsy models that capture different 
aspects of characteristics of chronic epilepsy, seizure models stress the generation 
and termination of seizures in order to unravel the cellular and molecular mechanism 
of epileptic seizure activities. Among these acute seizure models, KA induced seizure 
models are what we are in particular interested.
3.1.1 KA induced seizure models
Kainic acid, firstly extracted from the seaweed Digenea simplex, is a structural analogue 
of glutamate. KA can be administrated systemically or intracerebrally to induce acute 
seizures in rats and mice. Here we focus on the acute seizure model in rats.
 During the first 20-30 minutes following systemic administration of KA (8-12 mg/
kg), rats displayed behaviors such as facial twitching, arrest, wet-dog shakes. 
Meanwhile, rhythmic activities with large amplitude could be observed in the 
hippocampus on EEG immediately after KA injection (2-5 min) (Sperk, 1994). With the 
progress of time, rats began to exhibit epileptic characteristic behaviors such as 
head-nodding, myoclonus and tonus, sometimes with rearing and falling (Dudek et 
al., 2006). These convulsive behaviors could last until 90 min after KA injection (Sperk, 
1994). Sometimes, however, rats could progress to the state of status epilepticus (SE), 
with seizures lasting 2-5 hours or even longer. Similar electroencephalographic and 
clinic signs were also observed with intracerebral KA injection at low doses (0.1-0.4 
µg) (Babb et al., 1995; Cavalheiro et al., 1983; French et al., 1982).
Epileptic activities remain restricted to the hippocampal formation in the first hour 
after systemic KA administration. Ben-Ari and group (1981) reported that epileptiform 
activities occurred first in the EC, then CA3 and CA1 area, subiculum, and other limbic 
regions such as amygdala. Later, seizures could propagate to other regions such as the 
thalamus and cortex, resulting in generalization of seizures with convulsive behaviors 
in rats. Consistently, other studies (Cavalheiro et al., 1983; Lothman and Collins, 1981) 
with focal KA injection in rats also suggest that KA induced seizures occur first in the 
hippocampal network and then might propagate to other areas outside the 
hippocampus. The time evolution of epileptiformic activities on EEG indicates the 
important role of the hippocampal circuit in seizure generation and propagation.
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 The early neuropathological changes (within 1-2 hours) after systemic 
administration of KA were characterized by shrinkage and pycnosis of neuronal 
perikarya and swelling of dendrites (Schwob et al., 1980; Sperk et al., 1983).  With 
higher doses, swelling of astrocytes was also observed. In the latent phase (1 day to 1 
week), pathological changes such as neuron loss were apparent. One feature of 
systemic KA injection is the extensive cellular degeneration (Ben-Ari et al., 1981) in the 
hippocampus formation, EC, lateral septum, amygdala, thalamic nuclei and other 
distant regions. 
 In contrast, brain damage followed by focal KA injection is more restricted. At 
the hippocampal injection site, cyto-architecture disorganization and neuron loss 
were apparent, which was followed by vascular and astroglial proliferation (Cavalheiro 
et al., 1983). Similarly, this damage was also dose dependent. With a dose between 
0.8-2.0 µg, the lesion was limited to the injection site and cannula tip. With higher 
doses, damage could be observed in other subregions and even at the contralateral 
hippocampus (Cavalheiro et al., 1983).
 Focal injection of KA is mostly done by a single bolus, with a dose (0.2-0.4 µg) 
sufficient to elicit a severe seizure state such as SE in rats, followed by spontaneous 
seizures after a latent period from weeks to months. With this dose but also with a 
lower dose, acute seizures can be induced; this feature can be used since it provides 
quite a few seizures within a short time period, which is valuable for investigation of 
seizure dependent interventions such as responsive deep brain stimulation (see 
section 4). Acute KA induced seizure models in rats were described and used in the 
present thesis.  
3.2 Chronic epilepsy models
A variety of epilepsy models has been developed to investigate TLE. The most two 
commonly used epilepsy models are kindling and status epilepticus (SE). They both 
capture the enduring alterations of epileptogenic process in the brain but also 
represent their unique characteristics. 
3.2.1 The kindling models
Kindling phenomenon, since first discovered by Goddard (1967), has been extensively 
used as a chronic animal model of TLE. It is characterized by progressive development 
of seizures in response to repetitive stimulations over time. In the process of kindling, 
the initial response is the epileptiform afterdischarge (AD) evoked by stimulation at 
the stimulation site with no or little behavior response. With repeated stimulations, 
the seizure responses evolve over days, and finally become generalized with 
convulsive responses (McIntyre, 1970; McIntyre, 1979). Thus, kindling reflects an 
enduring type of activity dependent plasticity. Kindling can be induced by brief 
low-intensity electrical stimulation (Goddard et al., 1969; Racine, 1978) or by repeated 
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administration of convulsant agents such as PTZ and picrotoxin (Cain, 1981; Cain, 
1987; Corda et al., 1991; Ito et al., 1977) (chemical kindling). 
 The advantage of the kindling model is clear: induction process of epileptogene-
sis is easy to control, reliable to measure and to reproduce. The process is a gradual 
evolving process in which subtle yet cumulative changes are induced. It is associated 
with very little brain damage (Loscher, 2002; Michalakis et al., 1998) and has minimal 
mortality rate compared to the SE models of TLE (Sutula and Ockuly, 2006).
 However, the kindling model also has its downsides. For example, it is relatively 
labor intensive to induce fully kindled animals. Some modified kindling protocols were 
proposed to improve this model. For example, the alternative day rapid kindling was 
developed (Lothman et al., 1988; Lothman and Williamson, 1993) to reduce the time 
course for seizure induction. It also remains arguable regarding the relevance of its long 
time course of seizure development to human epilepsy (Sutula and Ockuly, 2006). 
3.2.2 The status epilepticus models
In contrast, the SE models are easier to induce. Status epilepticus refers to a severe 
continual seizure state (for more than 30 minutes) with no or little recovery of normal 
electrographic activities (Gaitanis and Drislane, 2003; Lowenstein et al., 1999; 
Mitchell, 2002). A repetitive seizure state can last a few minutes to hours. SE can be 
subdivided into an early impending phase (5 min or more) and self-sustaining phase 
(30 min – 2 hr) and a refractory phase (>2 hr). Although the early phase is at high risk 
to develop self-sustaining SE, not all the early stages of SE will become self-sustaining. 
One study (DeLorenzo et al., 1999) reported that 40% of the seizures from 10-29 min 
will stop automatically without any treatment. However, when continuous seizures 
last for more than 30 min, seizures would become self-sustaining, resulting in 
established SE. Thus, a cut-off of 30 min is commonly accepted in clinical and 
experimental studies for SE definition. This is also used in the present thesis. 
 SE can be induced by repeated electrical stimulations in areas such as the 
perforant pathway (Sloviter, 1987; Sloviter, 1991) and the ventral hippocampus 
(Lothman et al., 1990). More commonly, the SE models are induced by administration 
of chemical agents such as pilocarpine and kainic acid (KA). KA can be administrated 
systemically (Ben-Ari et al., 1981; Lothman and Collins, 1981; Schwob et al., 1980) or 
intracerebrally into the hippocampus (Babb et al., 1995; Bragin et al., 1999; Bragin et 
al., 2004; Bragin et al., 2007; Cavalheiro et al., 1983; Mathern et al., 1993; Raedt et al., 
2009) Nelson et al, 1980; French et al, 1982), amygdala (Ben-Ari et al., 1980; Mascott 
et al., 1994; Tanaka et al., 1992), EC (Miettinen et al., 1998) and ventricles (Sater and 
Nadler, 1988) in rats. KA can also be administrated intrahippocampally in mice 
(Bouilleret et al., 1999; Riban et al., 2002).
 The SE model with KA in rats comprises three stages: an initial hours-long SE, 
weeks-long latent period and the gradual development of recurrent spontaneous 
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seizures with increasing frequency, similar to the characteristic three stages - initial 
insult, latent period and occurrence of spontaneous seizures - in human MTLE. While 
some early study in mice model showed the absence of the silent period (Bouilleret 
et al, 1999), more recent study reported that the mice model also showed these three 
phases (Riban et al, 2002). Both rat and mice models of SE show neuropathological 
changes - such as neuronal loss, gliosis and synaptic reorganization in the hippocampus 
- which are observed in patients with TLE (Meier et al., 1992; Meier and Dudek, 1996; 
Nadler and Cuthbertson, 1980). Compared to the rat model, severe convulsive 
seizures were rare during the initial and chronic phase in the mice model of KA. 
Another difference is that spontaneous seizures on EEG and behavior could remain 
stable over time, which is not the case in rat models.
 In rat models of SE, the onset latency to the spontaneous seizures could vary 
from weeks to months (Bertram and Cornett, 1993; Bertram and Cornett, 1994; Bragin 
et al., 2004; Hellier et al., 1998; Mazarati et al., 2002) and seizure frequency will 
increase gradually with the time course after SE (Hellier et al., 1998; Hellier and Dudek, 
2005; Williams et al., 2007). The time of occurrence of spontaneous seizures in 
individual rat is difficult to predict. Moreover, seizures may occur randomly or in 
clusters at variable intervals (French et al., 1982; Williams et al., 2007). Thus, long-term 
behavioral observation or accompanied by EEG recordings is necessary to monitor 
the occurrence of the spontaneous seizures in rat models of SE. 
 The advantage of the SE models in rats lies in its resemblance of characteristics 
of human TLE, providing a valuable tool to understand fundamental mechanisms of 
epileptogenesis in TLE. These rat models, however, have some limitations. Compared 
to the kindling models, they display higher variability in seizure expressions such as 
the onset latency, frequency and severity (Dudek et al., 2006). It is also difficult to 
control the induction of SE and monitor the seizure period. Some SE models by 
systemically chemical induction reported a rather high mortality rate (Cavalheiro et 
al., 1991; Turski et al., 1989) or a small proportion of rats with spontaneous seizures 
(Bertram and Cornett, 1993). Therefore, Hellier and Dudek (2005) developed a 
modified KA model in rats in which SE was induced by repeated administrations of 
low-dose KA intraperitoneally. This new model is easier to produce and has a lower 
mortality and good reliability. 
 Elements of the protocol by Hellier and Dudek were used in the acute seizure 
models as described in Chapter 3 while the SE epilepsy model has been used in 
chapter 7 of this thesis.  
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4.  DBS of the hippocampus and amygdala in  
refractory epilepsy
Despite the current treatment such as antiepileptic drugs (AEDs), a large number of 
patients with epilepsy still have incompletely controlled seizures or debilitating 
medication side effects (Kwan and Brodie, 2000). Surgery is the main treatment 
option for those who are resistant to AEDs and it can achieve seizure freedom in 
60-80% of patients (Engel et al., 2003; Lee et al., 2005). However, some patients are 
not proper candidates for resective surgery such as those with multiple foci or 
primary generalized seizures. Besides, the recurrent rate of post-operative patients is 
as high as 15% (Kelemen et al., 2006). Some patients who underwent surgery could 
suffer from postoperative complications such as verbal memory dysfunction (Brodie 
and Dichter, 1996) and impaired visuospatial learning (Stroup et al., 2003; Trenerry et 
al., 1993). This drives the search for new alternative treatments for refractory epilepsy. 
 Neurostimulation is a promising new treatment for epilepsy patients by modulation 
of neural tissue to achieve therapeutic effects. Neurostimulation comprises several 
types such as vagus nerve stimulation (VNS) (Boon et al., 2002; Connor et al., 2012), 
deep brain stimulation (DBS) (Ellis and Stevens, 2008), transcranial magnetic 
stimulation (TMS) and transcranial direct current stimulation (tDCS) (Nitsche and 
Paulus, 2009). Since these types of stimulation are beyond the scope of the present 
thesis, the following sections will focus on DBS only. 
 Deep brain stimulation (DBS) delivers current to the brain via chronically 
implanted electrode(s). DBS, initially used in the treatment of pain, has achieved 
great success in the treatment of movement disorders such as Parkinson’s disease 
(Nguyen et al., 2000; Pollak et al., 2002; Volkmann, 2004). Over the recent decades, 
DBS has also emerged as a viable treatment for epilepsy, especially for refractory 
epilepsy. Compared to the classic resective surgery, DBS is reversible, can be us-
er-customized and has fewer complications (Ellis and Stevens, 2008). 
 In general, the sites of interest for DBS in epilepsy are chosen based on two main 
strategies: 1) the structures are directly involved in seizure generation and/or 
propagation. For example, the hippocampus is one common target of stimulation 
given its crucial role in epileptogenesis of TLE; 2) the structures such as the cerebellum 
and thalamic nuclei are considered as a gate to control epileptogenic networks 
(Iadarola and Gale, 1982). 
 The following section will give an overview of the application of DBS in the 
hippocampus in both animals and humans for the treatment of refractory epilepsy.
4.1 Animal studies
The hippocampus and amygdala, located in the temporal lobe, are considered as pivotal 
epileptogenic areas to investigate seizure generation in the laboratory. Stimulation of 
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the hippocampus and amygdala can induce seizures, as in cases of kindling. However, 
DBS in the hippocampus and amygdala with different stimulation protocols can also 
abort or suppress epileptiformic activities.
 A series of in vitro studies have investigated the effects of stimulation on 
hippocampal slices. For example, Bikson et al (2001) demonstrated that application of 
electric field (20-50 Hz) or injection of direct current (DC) on rat hippocampal slices 
could suppress epileptiformic activities induced by zero/low calcium, high potassium 
and picrotoxin. The same group (2003) further found that delivery of high frequency 
current (140 Hz) by a monopolar electrode – as is often used with DBS in clinic - 
suppressed epileptiform activities in the similar experimental models (low calcium, 
high potassium and picrotoxin). Likewise, both LFS (1 Hz) and HFS (100 Hz) of Schaffer 
collaterals resulted in inhibition of epileptiformic activities (Jensen and Durand, 
2007). 
 Gaito and colleagues (1980) reported that LFS in the amygdala led to strong 
long-term inhibition of epileptic activities in fully kindled animals. Since then, a 
number of studies (Table 1) demonstrated that LFS in the hippocampus (Mohammad-
Zadeh et al., 2007; Ullal et al., 1989; Weiss et al., 1995; Wyckhuys et al., 2007; 
Wyckhuys et al., 2010b) and in the amygdala (Carrington et al., 2007; Cuellar-Herrera 
et al., 2006; Goodman et al., 2005; Lopez-Meraz et al., 2004; Shao and Valenstein, 
1982; Velisek et al., 2002a; Weiss et al., 1998) could increase the AD threshold, retard 
the kindling progression and suppress seizures. Stimulation in these studies was 
delivered at different time periods: before or immediate after the cessation of 
kindling stimulation, or with a certain delay, or after the cessation of AD. The effect of 
stimulation was indeed found to be time dependent: LFS immediate before or after 
kindling stimulation was anticonvulsant, whereas LFS with a longer delay or after AD 
did not show anticonvulsant effects or was even proconvulsant. 
 In addition, two studies have also applied HFS to the ventral hippocampus in the 
kindled animals. Cuellar-Herrera and coworkers (2006) delivered HFS bilaterally in 
the hippocampus in amygdala-kindled animals. They found that animals receiving 
high-intensity HFS had reduced seizures in fully kindled state, and that those receiving 
low-current HFS did not show seizures at stage 4 or 5. Later, Wyckhuys and colleagues 
(2007) also applied HFS of the hippocampus in the rat model induced by the alternative 
day rapid kindling protocol and found increased AD threshold, latency and decreased 
AD duration. They further compared the effects of LFS and HFS in the same model 
(Wyckhuys et al., 2010b). The outcome confirmed the positive effects of HFS, but little 
effect of LFS. 
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Apart from kindling models, hippocampal stimulation was also investigated in seizure 
and chronic epilepsy models. Bragin and group (2002) reported that LFS of the 
hippocampus (5 Hz) resulted in an increased AD threshold and reduced spontaneous 
seizures in the KA induced epilepsy model. Wyckhuys and colleagues (2010a) 
compared Poisson distributed stimulation to standard HFS in the KA induced chronic 
epilepsy model. Both types of stimulation showed reduction of spontaneous seizures 
with a larger efficacy in Poisson distributed stimulation. 
 So far, these animal studies supported the anticonvulsant effects of DBS on 
epileptiformic activities such as AD or seizures. Among them, LFS, often conducted in 
kindling models, can raise AD and seizure thresholds. LFS is thought to inhibit neuronal 
activity by mechanisms such as LTD (Albensi et al., 2004; Schrader et al., 2006). HFS 
is usually chosen for DBS treatment in epilepsy patients and has also been used in 
some seizure/epilepsy models of TLE. Interesting, evidence from these kindling 
studies strongly suggests that the timing of stimulation is a major factor determining 
the efficacy of stimulation. This leads to the next question: is seizure dependent 
stimulation also important in seizure/epilepsy models, particularly with HFS?
4.2 Human studies
Meanwhile, human trials also investigated the effects of hippocampal or AH (amygdalo- 
hippocampal) stimulation in people with epilepsy (Table 2). Velasco and coworkers 
(2000a) demonstrated that unilaterally hippocampal HFS (130 Hz) reduced interictal 
spikes and abolished clinical seizures during 2-3 week period in 7 out of 10 patients 
with intractable TLE. The same group confirmed the beneficial therapeutic effects 
and safety of chronic HFS of the hippocampus (Velasco et al., 2007; 2001b). Vonck et 
al. (2002) delivered amygdalo-hippocampal HFS to three patients with refractory 
epilepsy for 3-6 months and observed >50% reduction in seizure frequency: two 
patients with >90% seizure reduction and one with >50% reduction. Interestingly, 
these patients had normal MRIs and were selected based on the reduction of interictal 
spikes following acute stimulation. The same group later reported positive beneficial 
effects of amygdalohippocampal (AH) stimulation in two long-term follow-up studies 
(Boon et al., 2007; Vonck et al., 2005). 
 However, variable outcomes of hippocampal stimulation were reported in other 
studies (Boex et al., 2007; Boex et al., 2011; McLachlan et al., 2010; Tellez-Zenteno et 
al., 2006). In a double-blind, randomized control study (Tellez-Zenteno et al., 2006), 
only a 15% decrease of seizure rate was observed in four patients with TLE. It is 
noteworthy to mention that seizure rate persisted for up to 3-month follow-up and 
then returned to the baseline level, indicating that stimulation can induce some 
temporary form of neuroplasticity. Different from patients in the previous studies, 
these patients had hippocampal sclerosis, which might explain the less satisfactory 
results in this study.
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 Indeed, selection of patients could influence efficacy of stimulation. Velasco and 
group (2007) classified patients into two groups according to their response to 
stimulation: those with hippocampal sclerosis (HS) and those with normal MRIs, that 
is, possible non-lesional TLE (NLES). Patients with normal MRIs tend to have faster 
and more significant improvement compared to HS patients. Boex and group (2011) 
recently also reported the differential effects of stimulation in two HS patients and six 
NLES patients, with more mixed outcomes obtained for NLES patients: two 
seizure-free, two with >50% improvement, and two with no significant improvement. 
Thus, selection of patients might, to a certain degree, account for the variable 
outcomes of these studies with hippocampal stimulation. Two recent studies (Cukiert 
et al., 2011; Tyrand et al., 2012) reported that HFS of the hippocampus can decrease 
epileptiform discharges in TLE patients.
 As mentioned before, unlike animal studies, high frequency stimulation is usually 
chosen for DBS treatment in clinical trials. Boex and group (2007) compared LFS (5 Hz) 
and HFS (130 Hz) of the amygdalohippocampal region in 3 patients with non-lesional 
TLE (NLES). HFS reduced interictal spikes and was associated with absence of seizures, 
whereas LFS increased the interictal activities. Some animal study (Wyckhuys, 2007) 
also reported that HFS had higher efficacy than LFS on AD in kindled rats.
All these above-mentioned studies used a classic scheduled stimulation protocol with 
either in a continuous or intermittent way of stimulation. Both protocols have a 
predefined amount, duration and timing of stimulation, independent of seizures 
occurrence. Given that seizures are highly irregular and unpredictable events, 
responsive stimulation contingent on seizures could target seizures with a higher 
temporal specificity and this might influence the efficacy of stimulation. Application 
of cortical responsive stimulation in patients with refractory epilepsy was reviewed 
(Sun et al., 2008), and recently external implantable neurostimulator (NeuroPace, 
Mountain View, CA) has been developed to deliver responsive stimulation in the 
cortex to control seizures in patients with refractory epilepsy (Morrell, 2011). Besides 
in the cortex, responsive stimulation started to be applied in other brain areas such 
as the temporal lobe. Osorio and associates (2005) treated eight patients with 
responsive stimulation and found 58% reduction of seizure frequency in four patients 
with stimulation of the epileptic foci (two had foci in the temporal lobe and two in the 
frontal lobe). As proof of principle, Kossof and his group (2004) first evaluated the 
safety of an external responsive neurostimulator (RNS) system in four epilepsy 
patients. Next they observed suppression of electrographic seizures by responsive 
stimulation of regions including the temporal lobe in these patients. In summary, 
these studies reveal that responsive stimulation might be a potential promising new 
way of treatment to control seizures in TLE patients. A more thorough review of 
responsive stimulation can be found in Chapter 2. 
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 Efficacy of stimulation may vary with stimulation parameters, timing, the 
stimulation sites, and the types of epilepsy. Consensus on optimal stimulation 
parameters such as current waveform, frequency, and pulse width is not yet reached, 
and it can be questioned whether optimal stimulation parameters should be the 
same for different seizures types or patient characteristics. The evidence from animal 
and human trials on hippocampal stimulation in TLE indicates that high frequency and 
biphasic pulses have the most pronounced anti-epileptic effects on seizures.  Some 
studies also indicate that stimulation with temporal pattern or time dependent 
stimulation (responsive) could improve the efficacy of stimulation, which certainly 
deserves further investigation in animal studies.
 Meanwhile, the hippocampus is a relatively large region that consists of various 
subareas with different anatomical and cellular properties. Stimulation of different 
regions within the hippocampus might result in different responses. Importantly, the 
subiculum, the least studied structure, holds a pivotal position in the hippocampus 
network, controlling input and output of information of the hippocampus to ex-
tra-hippocampal regions. Evidence from animal studies also supports that the 
subiculum can be a potential target of stimulation to control seizures. 
5. Aims and outlines of the thesis
5.1 Open-loop and closed-loop stimulation
One strategy for DBS in epilepsy is to stimulate at the onset of seizures in order to 
block or suppress generation or evolution of seizures. The hippocampus is one of the 
most crucial structures involved in epileptogenesis in TLE. Stimulation of the 
hippocampus has been conducted only in a limited number of human trials. Some of 
them obtained remarkable improvement for epilepsy patients, whereas two failed, 
which might be due to selection of patients. Most of these studies have chosen classic 
stimulation in a scheduled way continuously or intermittently. This open-loop 
(scheduled) type of stimulation has a fixed stimulation protocol without responding 
to specific electrical activities such as the occurrence of seizures. 
 Closed-loop or responsive stimulation, on the other hand, delivers electric 
current contingent on seizure occurrence. Application of responsive stimulation relies 
on implementation of seizure detection/prediction algorithm and delivery of 
corresponding therapy. It has been employed in a limited number of animal and 
human studies, and mostly the cortex was targeted (see chapter 2). Only two studies 
(Kossoff et al., 2004; Osorio et al., 2005) applied responsive stimulation to the areas 
including the temporal lobe, but not specifically in the hippocampus. The limited yet 
positive evidence from these studies points to the possibility of the hippocampus as 
a target of interest for responsive stimulation for seizure control.  Ta
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5.2 Aims and outlines of the thesis
It is neither always practical nor ethical as yet to explore the effects of contingent or 
responsive hippocampal DBS in humans with epilepsy. Under these circumstances, 
animal models are quite necessary, providing valuable tools to investigate the effect 
of stimulations with different types and to unravel their potential efficacy and 
mechanisms.
 So far, most of the in vivo studies on hippocampal DBS were conducted in kindling 
models and inhibitory effects on kindling acquisition and fully kindled animals were 
found (Mohammad-Zadeh et al., 2007; Ullal et al., 1989; Weiss et al., 1995; Wyckhuys 
et al., 2007; Wyckhuys et al., 2010b). Importantly, these studies also suggest that 
timing of stimulation could be an important factor to affect efficacy of stimulation.  
Some intriguing questions are arising from outcomes of these animal studies: are 
these new types of stimulation (such as time dependent) effective in seizure or 
epilepsy models?  Or more specifically, which way is better, responsive or scheduled 
stimulation? 
 Meanwhile, the hippocampus, as a stimulation target, is a rather large and 
complex structure. Stimulation of different subareas within the hippocampus might 
induce different effects, considering that each area has its own distinct cellular and 
network properties. The CA3 and CA1 area, for instance, the most well studied area, 
is considered as the seizure onset (Ben-Ari and Cossart, 2000). The subiculum, on the 
other hand, a much less studied area, is the main output structure in the hippocampal 
network. The subiculum is susceptible to synchronous activities given its intrinsic 
cellular and network properties. Evidence from animal and human studies (Cohen et 
al., 2002; Knopp et al., 2005; Wozny et al., 2003) also indicated that the subiculum is 
involved in seizure generation. Thus, this also sparks the interest to investigate 
subiculum as a new target for DBS. A number of questions can be raised: Is there a 
difference in stimulation efficacy to stimulate the subiculum compared to stimulation 
of other areas such as the CA3 or perforant pathway? Is subicular stimulation effective 
in seizure suppression? Or it merely modulates the excitability of the brain in general? 
How to stimulate the subiculum to achieve higher efficacy, in a responsive or a 
scheduled fashion? Among these questions, we are in particular interested in the last 
one in the current thesis.
 Proper animal models are highly relevant to investigate the effects of stimulation 
and to explore stimulation effects on both types of seizures – focal and generalized 
seizures. Thus, rats were chosen rather than mice, considering the presence of mainly 
focal seizures in the mice model. Acute seizure models are more suitable than classic 
chronic epilepsy models, as in rat epilepsy model the rate of spontaneous seizures is 
quite variable and relatively low, and long-time EEG monitoring is required. More 
importantly, given the nature of responsive stimulation – seizure dependent, a 
desirable seizure model to explore the effects of responsive stimulation should have 
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a high seizure rate within a short time period, in order to obtain enough opportunities 
to trigger responsive stimulation and thereby explore its effects on seizures. To meet 
this end, KA administration protocols were used and adjusted to induce seizures. 
However, it does not mean that chronic epilepsy models are not important. To the 
contrary, they are quite relevant for application of stimulation for the treatment of 
epilepsy patients in clinic. That is why the effects of hippocampal DBS were also 
investigated in chronic epilepsy model of TLE. But at an early step, seizure model in 
rats was the most suitable to meet the requirements of our research purpose.   
 In addition, to implement a closed-loop system to deliver responsive stimulation, 
a crucial step is to develop a seizure detection algorithm to detect seizures 
automatically in real time. Such an algorithm is capable of detecting seizures early 
with high sensibility and specificity. Therefore, we aimed to develop a closed-loop BCI 
system in which hippocampal DBS was applied and the effects on seizure characteris-
tics were measured. Next, we explored the effects of responsive and scheduled 
hippocampal stimulation, in particular, the subiculum in different seizure and epilepsy 
models of TLE in rats.
The outline of the thesis is as below:
The present chapter (Chapter 1) introduces epilepsy and TLE, the hippocampus in 
general with an emphasis on the subiculum, animal models of TLE. It also reviews 
hippocampal and amygdala DBS in both animal and human studies. The aims and 
outline of the thesis are also presented here. The next chapter (Chapter 2) contains a 
review of brain-computer interface of DBS for epilepsy treatment. Chapter 3 evaluates 
different KA administration protocols in rats in order to model different aspects of 
acute seizures in TLE. In Chapter 4, a seizure detection algorithm is developed and 
evaluated. Chapter 5 describes the effects of responsive stimulation in the subiculum 
in the KA induced seizure model in rats. Chapter 6 describes an experiment in which 
the effects of responsive and scheduled stimulation in the subiculum were compared, 
again in a seizure model in rats, while Chapter 7 investigates the effects of subicular 
stimulation in a chronic epilepsy model in rats. Chapter 8 contains the general 
discussion and conclusions of this thesis.
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Abstract
Brain-computer interface (BCI) converts neural activities into signals that control 
computer or other external devices. While BCI is conventionally used for people with 
disabilities, application of BCI has also been extended for therapeutic purposes such 
as treatment of epilepsy. 
 A BCI in epilepsy consists of three components: input for signal acquisition, 
algorithms to distinguish seizures from non-seizure state (detection/ prediction) and 
output to deliver warning or therapies such as electrical stimulation to subjects. 
 The current chapter first reviewed research on the application of BCI with 
stimulation output in animal and humans. Then we discussed three components of 
BCI from signal acquisition, algorithm and application of therapies, particularly with a 
highlight on important issues that are related to BCI performance such as early 
detection, optimal stimulation parameters, and patient-specific therapy.  
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1. Introduction
A brain computer interface (BCI) is a communication system converting neural 
activities into signals that can control computer cursors or external devices (Fetz, 
2007). BCI was initially and mainly employed for patients with severe motor disorders 
such as amyotrophic lateral sclerosis (ALS) by providing non-muscular bidirectional 
communication and control. However, the application of BCI has been extended to 
control various EEG signals for therapeutic purposes, such as seizure control in 
epilepsy patients. Although such BCIs did not demonstrate rapid control as in 
non-muscular communication, it still assumes that EEG based bidirectional control is 
possible (Wolpaw et al., 2002). More specifically, a BCI in epilepsy research, as in the 
current chapter, refers to a communication system capable to acquire signal and to 
implement real-time seizure detection/prediction and contingent delivery of warning 
stimuli or therapies such as electrical stimulation to control seizures (see Figure 1). 
Such systems became feasible with technological development and have been 
implemented in animal and human to control seizures. In the current chapter, we will 
first give an overview of the application of BCI, especially with deep brain stimulation 
Figure 1  delivery of responsive stimulation in a closed-loop brain-computer interface. 
EEG signal was at first obtained via implanted electrodes or scalp electrodes from human or 
animals, amplified, band-pass and notch filtered, and in the end it was digitized by an EEG data 
acquisition system. EEG signal was also fed into a seizure detection algorithm to detect seizures 
and trigger a stimulator to deliver responsive stimulation to subjects in order to disrupt or 
modulate seizures.
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in epilepsy research. Then we will discuss different components of a BCI system: input 
(signal acquisition), algorithm (seizure detection/prediction) and output (application 
and users), in particular stressing some important issues on BCI performance. 
2. BCI application in epilepsy research
2.1 Introduction of epilepsy treatment
Epilepsy is a common chronic neurological disorder that afflicts 0.5-1% of the world’s 
population (Hauser et al., 1993). More than one third patients do not respond to the 
antiepileptic drugs (AEDs) (Kwan and Brodie, 2000). Resective surgery, the main 
treatment for drug resistant patients, is not proper for certain patients such as those 
who have multiple foci or have generalized seizures without a clear local origin. In 
addition, it might be accompanied with some post-operation complications such as 
memory, language, sensory or motor deficits (Engel et al., 2003). Alternative 
treatments such as neurostimulation have been developed for the treatment of these 
patients. Deep brain stimulation (DBS), one type of neurostimulation, delivers 
electrical current to neural tissue to achieve therapeutic effects. Compared to 
surgery, DBS is less invasive, reversible and has the potential to customize treatment 
to individual patients. Following its success in the treatment of movement disorders 
(Nguyen et al., 2000; Pollak et al., 2002; Volkmann, 2004), DBS has received increasing 
attention as a viable treatment option for patients with refractory epilepsy.
 While stimulation is conventionally delivered at the predefined protocol(sched-
uled stimulation), stimulation integrated within a BCI system is delivered depending 
on the neurophysiologic state of the brain (responsive stimulation). Such responsive 
stimulation as output application of BCI has the potential of advantages such as 
targeting seizure dynamics with higher temporal specificity, minimization of its side 
effects, reduction of neural tissue damage and of course a longer battery life. The 
following section will review research of responsive stimulation by BCI in animals and 
human respectively.
2.1.1 Responsive stimulation by BCI in animals 
Within the framework of a BCI concept, early neurophysiologic studies mainly 
adopted detection algorithm and feedback control to examine the effect of responsive 
stimulation on interictal spikes or seizure-like activities in slices. Psatta and colleagues 
(1983) delivered low frequency stimulation (5 Hz) to the caudate nucleus by feedback 
control in the epileptic foci in adult cats. Durand and his group (Kayyali and Durand, 
1991; Nakagawa and Durand, 1991; Warren and Durand, 1998) applied current with 
feedback control in the focal area in hippocampal slices of rats. Meanwhile, Gluckman 
and colleagues (2001) applied a direct current (DC) electric field to hippocampal slices 
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by using a computer controlled feedback algorithm. The outcomes of all these studies 
suggested antiepileptic effects of responsive stimulation by BCI.
 Further, BCI with stimulation output was tested in vivo. Stimulation was applied to the 
motor cortex, the focus in the penicillin induced seizure model in rats by using proportional 
feedback control (Colpan et al., 2007). The results showed a significant reduction of mean 
amplitudes of seizures, suggesting positive effects of stimulation. Studies in a genetic 
absence epilepsy model (GAERS rats) were aimed at the search for optimal stimulation 
parameters of stimulation of the Substantia Nigra reticularis. Bilateral, bipolar and 
monophasic stimulation at 60 Hz and with 60-μs pulse width was optimal in the interruption 
of typical spike-wave discharges for absence epilepsy. However, when used for repeated 
stimulations, long-term suppression did not occur and even the number of spike-wave 
discharges increased (Feddersen et al., 2007). Stimulation by BCI was also tested with an 
automated detection program in the same model (Nelson et al., 2011a). Three types of 
stimulation frequency were investigated (130, 500, 1000 Hz) and the two high frequencies 
were more effective to reduce the duration of spike-wave discharges. 
 BCI with a prediction algorithm was also applied in experimental epilepsy animal 
models. Stimulation was delivered in the hippocampus during the preictal period in 
the status epilepticus (SE) model in rats (Nair et al., 2006).  The preliminary results 
showed a reduction in seizure frequency and longer seizure free periods, indicating 
antiepileptic effects of responsive hippocampal stimulation. Recently, BCI with a 
seizure prediction algorithm was also implemented in the SE model of TLE in six rats 
by delivering stimulation in the centromedial thalamus (Good et al., 2009).  Apart 
from responsive stimulation, the study also tested scheduled stimulation. BCI with a 
seizure prediction algorithm was implemented in a penicillin induced seizure model 
in rats with low frequency stimulation (1 Hz) in the cortex (Wang et al., 2012), 
comparing with the scheduled stimulation and non-stimulation group. The outcomes 
of the last two studies favored responsive stimulation over scheduled stimulation, 
supporting BCI with stimulation output in seizure control.
 Apart from conventional deep brain stimulation, application of BCI was recently 
extended to low frequency transcranial electrical stimulation (TES) in another rat 
model of generalized absence epilepsy (Berenyi et al., 2012). The results proved 
positive outcomes of responsive TES by BCI in terms of reducing the duration of 
spike-wave discharges without a subsequent rebound.  
2.1.2 Responsive stimulation by BCI in human 
In clinic, some early patient studies have used afterdischarges (ADs) - elicited during 
routinely functional mapping - as model of seizures to investigate the effects of 
responsive stimulation as ADs are epileptiformic activities and can evolve into 
seizures. The promising results from some early studies (Lesser et al., 1999; Motamedi 
et al., 2002)  justify the application of BCI in patients.
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 Osorio and his group (1998) developed a generic seizure detection algorithm by 
using wavelet analysis for early detection of seizure events. Based on that, Peters and 
colleagues (2001) described a BCI system- the first bedside prototype - integrated 
with such a real-time seizure detection algorithm and contingent delivery of 
stimulation at or near seizure onset. The performance and safety of this BCI system 
were further evaluated in eight patients (Osorio et al., 2005). The study demonstrated 
that BCI with stimulation output near seizure onset was practicable in real time and 
could be applied in a reliable and safe manner. 
 Following the success of BCI with stimulation application in seizure control, there 
is recognition of the need of implantable circuitry for clinical use. Recently, the first 
implantable BCI system – responsive neurostimulator (RNS) system (Figure 2) has 
been developed (NeuroPace, Mountain View, CA) in order to automatically detect 
early seizure events and deliver contingent stimulation. As proof of principle, Kossof 
and his group (2004) first evaluated the safety of BCI with output of an external 
stimulator in four epilepsy patients. While two patients had brief transient side 
effects, stimulation in general was well tolerated and safe. Although the efficacy of 
stimulation was not the aim of that study, electrographic seizures were altered and 
suppressed in these patients. Consistent with this study, Fountas and colleagues 
(2005) using an implantable BCI device, delivered responsive stimulation in eight 
Figure 2   schematic graph of an implanted RNS stimulator, depth lead and cortical 
strip lead (NeuroPace, Mountain View, CA). 
The RNS neurostimulator (inset) has up to two leads. Either depth lead or cortical (subdural) 
strip lead is used in the system.  Each has four electrode contacts that can be used for sensing 
and delivering stimulation. To obtain early seizure detection and delivery of focal electrical 
stimulation, leads are placed close to the seizure focus (Morrell et al., 2011).
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patients. Seven out of eight patients displayed more than a 45% decrease in seizure 
frequency. Using the same BCI system, Smith and colleagues (2010) delivered 
responsive insular stimulation in one patient with refractory focal epilepsy after the 
resection of focal insular area. The patient showed a 50% reduction in seizure 
frequency after responsive stimulation. In another case report (Enatsu et al., 2012), a 
TLE patient received responsive stimulation (200 Hz) with RNS system in bilateral 
mesial temporal areas. An up to 50% decrease in seizure frequency was reported 
after delivery of stimulation.
 Morrell and colleagues (2011) evaluated the efficacy and safety of the RNS device 
in a multicenter, double-blind, randomized controlled trial in 191 patients. These 
patients had improved quality of life and tolerated the treatment without obvious 
mood or cognitive adverse effects.  In addition, seizures were significantly reduced 
for a 12-week blind period in the treatment group. Thus, the implantable BCI can be a 
promising therapeutic avenue for epilepsy treatment.
3. The components of a BCI
Like any other BCI systems, the BCI system discussed here consists of an input to 
obtain signal, algorithm to detect or predict seizures and output to apply warning or 
therapies to users. 
3.1 Signal acquisition
The purpose of input in the BCI system discussed here is to acquire signal relevant for 
seizure detection and subsequent delivery of warning and therapy. The input is 
normally EEG recorded from the scalp or within the brain. The chosen input is 
acquired by electrode, then amplified and digitized in the BCI system. Recently, 
extracerebral signals such as cardiac (heart rate) or motor signals (speed, direction 
and joint movement) have emerged as a promising direction for seizure detection 
(Osorio and Schachter, 2011). Signals can be categorized as non-invasive (scalp EEG, 
extracerebral) or invasive (intracranial EEG). Scalp electrodes are the common 
sources of signals in clinic. In most cases, intracranial electrode allows better for early 
detection than scalp electrode, especially for partial seizures (Jouny et al., 2011). 
 One important factor that could affect BCI in signal acquisition operation is 
localization of ictal onset zone. Ictal onset zone is the area that generates the epileptic 
seizures. The ictal zone can be regional or broad, differing from one subject to 
another. A seizure event is more likely to be detected early after an ictal onset zone 
has been identified. One way to improve the localization of the ictal zone is to develop 
high-density scalp EEG recordings. These high-density recordings provide higher 
spatial resolution with possibilities for dipole source localization compared to the 
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more classical macroelectrode EEG recording systems. Intracranial recordings with 
microelectrode arrays on suspected candidate brain regions allow for further 
improvement in localization. Information obtained with intracranial EEG recordings is 
considered the golden standard as far as spatial resolution of the source of 
epileptiformic activity is concerned. These intracranial recordings are also used for 
better understanding the interaction of local networks in the course of a seizure 
event (Jouny et al., 2011). With the help of these new electrode recording systems, an 
ictal onset zone is much more likely to be identified correctly.
 Another fundamental issue in BCI in this stage involves which signal to look at 
besides seizures, particularly for the purpose of the efficacy of therapy. For example, 
some interictal spikes are similar to seizures but last for only a few seconds without 
developing into a seizure (Jouny et al., 2011). Despite their short duration, they share 
similar characteristics components with a seizure. Highly localized activity such as 
microseizures might be correlated with partial seizure (Stead et al., 2010). If that 
holds true, these microseizures might be potential candidates for stimulation therapy. 
3.2 Seizure detection/prediction algorithm
In the BCI system discussed here, algorithms should be able to detect a seizure event 
from non-seizure state (detection algorithm) or predict an upcoming seizure event 
(prediction algorithm). Quite some detection algorithms using various linear and 
nonlinear methods have been reported and obtained with various degrees of success. 
The validity and reliability of prediction algorithms remain questionable, despite 
some promising results (Mormann et al., 2007) as most of them were based on 
selective or limited EEG recordings or without statistical validation on sensitivity and 
specificity of each method (Carney et al., 2011). 
 Early detection is one issue that is less challenging but currently still far from 
being optimal for application in BCI research; it determines the time window in which 
warning or therapeutic devices are triggered. For warning purpose, the ideal condition 
is to detect seizure event before subjects lose awareness or consciousness. For 
therapy end, it requires detecting seizure as early as possible. As mentioned earlier, 
the use of high density arrays or microelectrodes are involved in signal acquisition 
and detection process, they favorably influence the ability to detect seizures early. 
The capability of an algorithm per se can directly determine how early a seizure event 
is detected.  On the other hand, early detection always comes at the cost of specificity 
of an algorithm. Some improvements can be made to enhance the quality of early 
detection, such as using a combination of linear and nonlinear features, multi-channel 
approach and decision making procedure (Jouny et al., 2011).
 Another difficulty for BCI in algorithm operation is to include interaction of 
different states such as circadian fluctuations or vigilance state and seizures. Seizure 
probability can be affected by sleep stage, sleep debt and diurnal and other physiological 
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rhythms (Haut et al., 2007; Malow, 2005). Circadian phases (Quigg et al., 2000; Smyk 
et al., 2012; Van Luijtelaar and Coenen, 1988) and sleep stage (Shouse et al., 2004; van 
Luijtelaar and Bikbaev, 2007) have been reported to have effects on seizures in rat 
models of epilepsy. Moreover, false positives by prediction algorithms were also 
found to favor some states of vigilance, in particular deep sleep (Navarro et al., 2005; 
Schelter et al., 2006). More efforts such as computational modeling need to be taken 
to probe states of vigilance and circadian phase to improve prediction of seizures.
 
3.3 Application and users
The output of BCI here is the device that can trigger warning or therapies to users. 
Given its therapeutic purpose, therapy efficacy is the standard tool to evaluate BCI 
performance. In addition to electrical stimulation, other therapies have also been 
used such as anti-seizure compounds (Stein et al., 2000), thermal energy (cooling) 
(Hill et al., 2000), and operant conditioning (Osterhagen et al., 2010; Sterman, 2000). 
Compared to current, the main limitation of pharmacological and thermal energy 
therapy is their slow tissue diffusivity, which means that therapies will be delivered or 
arrive late to fully control the target area, even when delivered locally (Osorio and 
Frei, 2009). On the other side, electrical stimulation is the most common application 
of BCI and is also our focus in this section.  
3.3.1 Therapy parameters for users
One challenge for BCI in application is how to stimulate, that is, selection of proper 
stimulation parameters. Stimulation parameters in human are often determined by 
trial and error with adjustment to avoid side effects while respecting safety limits for 
charge density (Sun et al., 2008). A number of studies especially in animals explored 
which stimulation parameters - stimulation frequency, waveform, amplitude, 
duration- can result in better seizure control. 
 Stimulation frequency seems to be a key factor. High frequency stimulation (HFS) 
(> 100 Hz) is typically used in clinic for treatment of movement disorders such as 
Parkinson’s disease (Pollak et al., 2002; Volkmann, 2004) and also used for treatment 
of patients with refractory epilepsy. HFS has been delivered in various brain areas 
such as the anterior nucleus of the thalamus, hippocampus and thalamus (Andrade et 
al., 2006; Fisher et al., 2010; Velasco et al., 2000a; Velasco et al., 2000b) and has 
achieved various degree of success in seizure control. 
 In contrast, low frequency stimulation has limited and mixed effects. Stimulation 
at low frequency (0.5-3 Hz) in kindled animal models were found to raise the threshold 
of ADs (Carrington et al., 2007; Gaito et al., 1980; Ghorbani et al., 2007; Goodman et 
al., 2005). Yamamoto and colleagues (2002) demonstrated that LFS in the cortex had 
antiepileptic effects in the focus in patients with TLE. However, no other studies have 
further reported such effects of LFS in animal models and human of TLE.  Even some 
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clinical study reported contradictory evidence – aggravation of seizures by LFS on the 
centromedian thalamic nucleus in 12 patients (Velasco et al., 1997). 
 Furthermore, a few studies compared HFS and LFS under the same experimental 
condition. Albensi and colleagues (2004) compared the effects of HFS (100 Hz) and 
LFS (1 Hz) on epileptiform activities in hippocampal slices. Both types of stimulation 
suppressed epileptiform activities but with one difference: the onset of suppression 
by LFS was gradual but persistent while that of suppression by HFS was rapid but 
transient. The effects of LFS (5 Hz) and HFS (130 Hz) were compared on ADs in kindled 
rats (Wyckhuys et al., 2010b). HFS was more effective with higher ADs threshold and 
longer latency. Boex and colleagues (2007) compared both types of stimulation on 
three patients and found that HFS was more effective in reducing seizure rate. Rajdev 
and colleagues (2011) examined stimulation frequency (high, medium and low), pulse 
width (high and low) and amplitude (high and low) in seizures in kainite treated rats. 
The results showed that low (5Hz) and high frequency (130 Hz) were effective to 
suppress epileptic activities compared to medium frequency (60 Hz). Taken together, 
these studies suggested that HFS is most effective in seizure suppression while LFS 
has rather complicated effects depending on which animal model and epilepsy type 
is chosen for LFS application.  
 Other factors such as pulse width and waveform could also affect the effects of 
stimulation. In the aforementioned study, Rajdev and colleagues (2011) investigated 
the influences of different pulse widths (60, 120, 240 us) on ADs. With increase of 
pulse width (120, 240 us), less stimulation amplitude was needed to evoke ADs, 
indicating higher threshold of AD interruptions for shorter pulse width (60 us). The 
power of the pulse (intensity times duration) determines its efficacy in this model. In 
addition, the waveform of stimulation can also act on the effects of stimulation. The 
threshold for suppression of both somatic and axonal activity was lower with 
sinusoidal HFS than pulse train HFS (Jensen and Durand, 2007).
 Recently, a new method of stimulation has been proposed:  ‘temporal coding’. 
Cota and colleagues (2009) reported that stimulation with a ‘pseudo-randomized 
inter stimulus interval’ significantly increased the threshold to tonic-clonic seizures in 
the pentylenetetrazole (PTZ) model. Similarly, Poisson distributed stimulation was 
found to reduce spontaneous seizures in the SE model of TLE (Wyckhuys et al., 2010a) 
and in the GEARs model of absence epilepsy (Nelson et al., 2011a). Further, cortical 
stimulation at multiple stimulation sites was investigated in different combinations of 
periodic/aperiodic (periodic – with fixed inter stimulus interval) and synchronous/ 
asynchronous stimulation manner (synchronous – stimulation at the same time) in 
rats (Nelson et al., 2011b). The results showed that asynchronous stimulation was 
more effective in suppression of seizure severity and duration. 
 Although it remains unclear which parameters are the best for which seizure 
model, these studies give us more insights on how to improve efficacy of therapy. 
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3.3.2 Selection of target area
Another basic question regarding BCI in application is where to stimulate. So far, a 
variety of areas have been investigated for the effects of stimulation. These areas are 
either areas where seizures are generated or areas that are involved in the progression 
of seizures. The intrinsic and extrinsic characteristics of these areas determine their 
different responses to stimulation. In each target area, for example, the constitutions 
of various neuron types and biophysical properties of them are different, affecting 
responses of individual neuron and neuronal ensemble to stimulation. Besides, the 
anatomical connections among these target areas vary from each other, which can 
influence the dynamics of neuronal populations and sensitivity to stimulation 
(Sunderam et al., 2010). 
3.3.3 Patient-specific therapy 
It is also true that patient-specific therapy is a new direction for BCI in application 
operation.  In clinic, stimulation parameters are usually adjusted in individual patients 
to avoid adverse effects while maintaining therapeutic effects. Osorio and his group 
(Osorio et al., 2010) used linear regression to examine in a retrospective study the 
results of a trial in which responsive stimulation was applied in eight patients with 
refractory epilepsy. Regression models tested the contributions of multiple potentially 
relevant factors such as parameter configurations (that is, different combinations of 
stimulation frequency, current intensity, duration, pulse width and location) to 
changes of seizure severity. The results showed that certain parameter configurations 
were more effective in reduction of seizure severity in some patients but not in 
others, indicating individual difference in parameters setting for stimulation. Thus 
adaptive, patients-specific stimulation settings might be a necessary new step for BCI 
in application in order to achieve optimal efficacy.
4. Conclusion
Unlike conventional BCIs, a BCI system in epilepsy emphasizes EEG-based communication 
for therapeutic purposes. The need of BCI rises from delivery of contingent therapies 
such as stimulation to control seizures. Although a large body of work has been done 
to explore contingent stimulation with the help of BCI for epilepsy research in animal 
and human, it is still in an experimental stage. With the development of technique in 
engineering and computer science, BCI is at the stage of becoming feasible for application 
of therapy in the treatment of patients in some forms of refractory epilepsy. 
 Future progress depends on the following crucial factors: development of electrode 
arrays or microelectrode, improvement of early detection, algorithms embedding 
variables such as vigilant states and circadian phases, exploration of patient-specific 
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optimization of parameters, selection of proper target areas to maximize BCI 
performance. The development of BCI is an interdisciplinary challenge requiring 
vigorous and continuous efforts on relevant fields such as neuroscience, computer 
science, mathematics, and engineering. Although BCI in epilepsy research is still 
developing, it provides a promising therapeutic option to those who do not respond 
to conventional treatment.
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Abstract
Objective: It is generally assumed that repeated injections of the excitatory drug 
kainic acid (KA) increases brain excitability. Different KA administration protocols 
were evaluated in three experiments, and different doses of KA and putative 
differences between the CA1 and CA3 injection site were examined. 
Method: Rats were injected repeatedly with KA (0.1 μg) every 1.5 hour into the CA3 
area for six days (n=7) (Exp I), and into the CA3 or CA1 area for two days (n=10 per 
group) (Exp II) with an interval of 48 hours. Finally, a high (0.05μg, n=8) and low-dose 
group (0.01μg, n=9) were treated with a similar KA injection protocol with an interval 
of 2 weeks (Exp III). 
Results: Cumulative effects of various KA administrations appeared on Day 1; all rats 
had multiple focal and generalized seizures, reached Stage V and at least half of them 
developed status epilepticus (SE). In contrast, a reduction of sensitivity to subsequent 
KA injections over days was found (Exp I, II), whereas the sensitivity returned when an 
interval of 14 days was used (Exp III). The SE rats had longer latency and less generalized 
seizures on Day 2 in the CA1 group (Exp II). The high-dose group had more severe 
seizures than the low-dose group but only on Day 15 (Exp II). 
Conclusion: A high seizure rate can be obtained on the first day after 1 to 2 KA 
injections, irrespective of dose. The reduced sensitivity over days with a short 
injection interval reflects an intrinsic anticonvulsant mechanism after severe seizures; 
the sensitivity to KA returned with a longer interval, indicating a recovery of the 
brain. The dose-response relationship of seizures on Day 15 rather than on Day 1 
indicates that the effects of KA take longer time to differentiate. 
Key words: kainic acid, temporal lobe epilepsy, intrahippocampal injections, rats
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1. Introduction
Temporal lobe epilepsy (TLE) is the most prevalent yet least medically responsive 
form of epilepsy in adults, affecting 0.5-1% of the population (Hauser et al., 1993). TLE 
originates from temporal limbic structures such as the hippocampus and may 
generalize secondarily to other distant areas. 
 A variety of animal models have been developed to investigate TLE and one 
common approach is administration of convulsant drug such as the glutamate agonist 
kainic acid (KA). KA can induce both acute seizures in seizure models and spontaneous 
seizures after status epilepticus (SE) in chronic epilepsy models. KA can be 
administrated by systemically or intracerebrally to different brain areas such as the 
amygdala (Ben-Ari et al., 1980; Mascott et al., 1994; Tanaka et al., 1992) and 
hippocampus (Babb et al., 1995; Bragin et al., 1999; 2004; 2007; Cavalheiro et al., 
1983; French et al., 1982; Leite et al., 1996; Mathern et al., 1993; Raedt et al., 2009). 
 Long-term monitoring of EEG and behavior is required to obtain spontaneous 
seizures due to irregular and intermittent occurrence of spontaneous seizures. In the 
present study acute (provoked) seizures rather than (unprovoked) spontaneous 
seizures were induced by KA. Repeated injections are thought to increase the 
excitability of the brain and were adopted in the study to induce a high rate of acute 
seizures. Given that the electroencephalographic and behavioral changes after 
intracerebral KA injection (0.25 µg) last for 22 hours (French et al., 1982), a 48-hour 
interval of injection was first chosen and later a two-week interval was used to 
examine whether a secondary series of KA injections could elicit multiple seizures, 
similarly as after the first series of KA administration. 
 The common site for KA administration in the hippocampus is the CA3 region. 
The CA3 area has a high density of recurrent excitatory connections and spontaneous 
activities in what are called pacemaker cells (Heinemann, 1987; Traub et al., 1999). A 
high density of KA receptors is also found in the CA3 field (Patel et al., 1986). Such 
innate hyperexcitability of the CA3 area renders it as the most seizure-prone area in 
the hippocampus. On the other hand, the CA1 region of the hippocampus can also be 
a candidate injection site for KA. NMDA and AMPA receptors are densely located on 
CA1 pyramidal neurons (Greenamyre et al., 1985). Given their difference in anatomical 
and cellular properties, the CA1 and CA3 area might respond differently to KA injections.
 The aim of the present study was to investigate whether different inter-injection 
intervals affect brain excitability and to obtain a high rate of acute seizures repeatedly 
within a predictable yet limited period. This could allow multiple possibilities for 
acute interventions with responsive stimulation (Huang and van Luijtelaar, 2013). In 
total, three experiments were conducted. Experiment I (Exp I): it was investigated 
whether repeated hippocampal injections of KA over six days with a 48-hour interval 
induce a progression of focal and generalized seizures. Experiment II (Exp II): the 
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same protocol was used to investigate whether there are differences in excitability 
and seizure characteristics between the CA1 and CA3 injection site. Experiment III 
(Exp III): the seizure sensitivity was investigated with a two-week interval. Finally, it 
was established across experiment whether different doses of KA would yield 
different seizure characteristics. 
2. Materials and methods
2.1 Animals
Male Wistar rats weighing 400-500 g were used (bred at the Biological Psychology 
Department, Donders Center for Cognition, Radboud University Nijmegen). The rats 
were housed under controlled temperature (20 °C, relative humidity 50~70%) and 
light conditions (12 hour light/dark cycle with lights on at 7:00 A.M.), with ad libitum 
access to food and water. The local medical-ethical committee of the Radboud 
University Nijmegen (RU-DEC) approved all procedures on animal experimentation in 
the study. Efforts were taken to alleviate discomfort and number of animals as much 
as possible.
2.2 Simultaneous Electrode-Guide Combinations
The simultaneous electrode-guide combination (C315G-MS303/2, Plastics One, 
Roanoke, VA, USA) comprises a 26-gauge guide cannula and a bipolar recording 
electrode in which two insulated stainless steel wires were glued together and were 
fixed to the guide cannula by heating. This electrode-guide complex allows the 
delivery of KA into the injection site and the simultaneous recording of local field 
potentials (LFP) adjacent to the injection site. A dummy cannula was used to close the 
guide cannula. The distance between the tips of the bipolar electrodes to the cannula 
was 1 mm.
2.3 Surgery
The rats were anesthetized with isoflurane inhalation and fixed in a stereotaxic frame. 
At the start of surgery atropine sulfate was given to reduce saliva secretion (0.1 ml, 
i.m.) and the analgesic Rimadyl (4 mg/kg, i.v.) was administered. Temperature was 
monitored and maintained at 37 °C with a heating pad throughout surgery. The elec-
trode-guide combination was placed 5.6 mm posterior, 4.8 mm lateral to bregma at 
the right hemisphere at 5.5 mm depth in the CA3 group, and at AP -5.6 mm, ML 3.4 
mm and DL 5.0 mm from bregma in the CA1 group (Paxinos and Watson, 1998). A 
tripolar electrode (MS222/2a, Plastics One, Roanoke, VA, USA) containing three 
stainless wires, was located on the left hemisphere, with the frontal wire targeting 
the motor cortex and the other two wires located in the cerebellum serving as 
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reference and ground electrode respectively. The cannula-electrode complex, 
tripolar electrode and several screws were attached to the skull by covering them 
with dental acrylic cement. After surgery, the animals were housed individually and 
were given two weeks to recover from surgery. After that, the experimenter handled 
the animals for 5 minutes per day.
2.4 Video and local field potentials (LFP) Monitoring
Two LFP recordings were recorded from the ipsilateral hippocampus and one was 
recorded from the contralateral motor cortex. All three LFP recordings were made 
against the cerebellar reference electrode. LFP signals, fed into a multi-channel 
differential amplifier via a swivel contact that enables the animals to move freely, 
were amplified (5000), band-pass (1~100Hz) and notch filtered (50 Hz). The output 
was sampled at 256 Hz and digitized with a WINDAQ/Pro data acquisition system in 
combination with a DI410-interface (DATAQ Instruments 2.49, Akron, OH, USA). 
Video was captured with a camera placed in the recording chamber and recorded 
with the aid of the Observer® (Noldus Information Technology BV, Wageningen, The 
Netherlands). 
 Video and LFP monitoring were performed under controlled conditions (20°C, 
relative humidity 50~70%). The animals had a 12:12 light/dark cycle with white light at 
7 a.m. because it was found that seizure occurrence was higher during the light than 
during the dark period (Raedt et al., 2009). The recording took place in a noise-isolated 
experimental chamber. Two days before LFP recording, the animals were placed in a 
Plexiglas recording cage (30×25 cm, high 35 cm) so as to habituate to the recording 
system. 
2.5 Micro injection of KA 
After one-hour baseline LFP recording, the animals received hippocampal (CA3/CA1) 
injection of KA (Ascent Scientific Ltd, U.K.) and then LFP and behavior were recorded 
for 1.5 hours. 
 The animals were injected with an injection needle connected via a silicone tube 
to a 1µl Hamilton syringe (Bonaduz, Switzerland). The needle was lowered into the guide 
cannula. The length of the injection needle was predetermined. The distance between 
the tip of the needle and cannula was 0.5 mm. 0.1µl KA (0.1µl/min) was injected from 
the syringe and then the needle was left in the cannula for another minute. Afterward, 
the needle was removed and a dummy needle was used to close the cannula.
 The injection and recording were repeated every 1.5 hours until Stage V Racine’s 
scale (Racine, 1972) was reached (convulsive seizures with bilateral myoclonus, ton-
ic-myoclonus, rearing and falling). The maximal number of injections within one day 
was restricted to four. When the animals showed SE for more than half an hour, 
diazepam was administrated (5 mg/kg, i.p.) to control seizure severity.
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 In Exp I, KA (0.1µg) injections were given to the CA3 area for six days with a 
48-hour interval (n=7). In Exp II, the same protocol was used, but KA injections (0.1µg) 
were given either to the CA1 (n=10) or CA3 area (n=10) for two days only. In Exp III, the 
same protocol was used for seizure induction into the CA3 area but with a two-week 
interval. One group received a high dose of KA (0.05µg, n=8), the other group a low 
dose (0.01µg, n=9). All rats in these two groups also received 12-hour LFP recording 
on Day 14.
2.6 Histology
At the end of the experiment, the animals were anesthetized with sodium 
pentobarbital (60 mg/kg, i.p.) and then a DC current (25 µA, 15 sec) was delivered 
through the electrodes to create a lesion around the electrode tips. Afterward, the 
animals were perfused transcardially with 2% potassium ferrocyanide in a solution of 
4% formaldehyde in 0.04 M phosphate buffer (PH=7.3). The brains were removed and 
post-fixed in the same solution overnight at 4 °C. After post-fixation, the brains were 
placed into a 30% sucrose solution and remained there until they sank 3 or 4 days 
later. Then coronal sections (50 µm) were cut by a microtome (HM 440E, Waldorf, 
Germany) and the slices containing the track of the cannula and electrodes were 
stained with cresyl violet. In the end, these slices were examined under a light 
microscope to verify the positions of the cannula and electrodes using the same atlas 
of the rat brain (Paxinos and Watson, 1998).
 This study included only the rats whose histological examination confirmed the 
location of the cannula at the CA3 region (Exp I, III) or CA1/CA3 region (Exp II).
2.7 Data Analysis 
The recorded LFP were reviewed with the WINDAQ/Pro browser. Statistical analysis 
was done in SPSS 15.0. The definition of the start point of seizures is when the 
amplitude of the epileptiformic activity is twice the amplitude of the baseline LFP. 
Racine scale (Racine, 1972) was used to classify the severity of behavioral seizures: 
Stage I (immobility, facial automatism), II (head nodding, wet dog shakes), III (unilateral 
myoclonus), IV (bilateral myoclonus or tonic-myoclonic behavior, rearing without 
falling) and V (bilateral myoclonus or tonic-myoclonic behavior, rearing and falling). 
Focal seizures were defined both by severity of seizures (behavior, Stage I or II) and 
epileptic activity on the LFP of the hippocampal channels only. Generalized seizures 
were defined both by severity of seizure behavior (Stage III, IV, or V) and synchronous 
epileptic activity on the LFP of the hippocampus and motor cortex. Status epilepticus 
(SE) was defined as continuous seizures on LFP for more than 30 minutes. Seizure 
characteristics such as seizure number, duration and latency (interval between the 
previous injection and beginning of the occurrence of the first seizure) were calculated 
and seizure severity was scored. 
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 Repeated measures ANOVA was used to establish injection effects within Day 1, 
between days (Exp I) and location effects on seizure parameters (Exp II) and to reveal 
day and dose effects on seizure parameters (Exp III). If appropriate, post-hoc 
independent and dependent Student’s t-tests were used. One-way ANOVA was used 
to compare the three dose groups from both Exp II & III on the first day. In Exp II, 
Chi-square tests were used to check whether the occurrence of SE differed between 
the two location groups on the first day and whether SE on the first day affected their 
sensitivity on the subsequent day. One-way ANOVA was then used to test whether SE 
contributed to the difference in seizure parameters on the second day.
3. Results
3.1 Behavioral Responses
After KA injection, the rats started to show locomotor behavioral changes such as 
grooming, facial twitching, scratching, sniffing, and rearing. Sometimes rats exhibited 
automatisms, head nodding during electrographic seizures on the CA1 or CA3 
channels, or in many cases, behavioral arrest - ‘frozen’ like behaviors followed by 
repetitive wet-dog shakes when the animals regained mobility. With time, convulsive 
seizures could be observed: forelimb myoclonus unilaterally or bilaterally, tonic-clonic 
behaviors, rearing and falling. 
3.2 LFP Alterations
A spectrum of LFP patterns was observed after KA injection (Figure 1). Seizure started 
with increasing amplitude and frequency, and developed into synchronous spikes on 
the CA1 or CA3 channels without the presence of interictal activity; with more 
injections, interictal spikes often preceded the ictal seizures, and more seizure trains 
appeared with or without spreading to the motor cortex. In many cases, epileptoformic 
activities took place on the hippocampal channels (CA1 or CA3) after KA injection, and 
then invaded the motor cortex channel with time or additional injections (Figure 1C). 
Table 1   Number of injections that animals received and seizure severity  
(mean ± SEM) across six days (Exp I)
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Injection 
number
2.3±0.4 1.9±0.6 2.9±0.6 3.3±0.4 2.7±0.6 3.4±0.5
Severity 3.5±0.4 3.9±0.7 2.6±0.6 2.1±0.5 3.0±0.7 2.4±0.5
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Figure 1   Three different patterns of epileptic activities on LFP on two hippocampal 
channels and the contralateral motor cortex channel. 
A) Epileptic activity increased with amplitude and developed into epileptic spike burst on two 
CA3 channels; the arrow represents the artifact due to wet-dog shakes. B) The seizure started 
with increasing amplitude on two CA1 channels, developed into multi-spikes burst, at one-third 
of the period the contralateral cortex got involved and the activity in the motor cortex and 
hippocampus became synchronized. C) Epileptiform activity started from the CA3 channels 
with increasing amplitudes and frequency, developed into high voltage spikes, then invaded 
the motor cortex channel, resulting in a full blown generalized seizure. As shown from the 
arrows, the rat showed convulsive behaviors such as bilateral myoclonus and rearing when the 
seizure became generalized. Post-ictal depression can be observed after the seizure was over.
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3.3 Quantitative Analysis  
Exp I: All rats (n=7) reached Stage V on Day 1 and four rats reached SE. The rats that 
received at least two injections (n=5) on Day 1 showed a shorter latency (t (4) =6.80, 
p<0.01), higher number (t (4) =4.12, p<0.05) of focal seizures and a shorter latency of 
generalized seizures (t (4) =2.68, p=0.55) after the second injection compared to the 
first injection. In contrast, the rats did not show a progression of seizures over the 
subsequent injection days (Table 1). In fact, a decrease in the total seizure number 
was found over days (Flin(1, 6) =35.50, p<0.01), as shown in Figure 2.  Moreover, 
post-hoc t tests showed that the seizure number was lower on Day 5 (t (6) =2.88, 
p<0.05) and Day 6 (t (6) =6.42, p<0.01) compared to Day 1. No significant day effects 
were found in other parameters such as seizure severity and latency.
Exp II: Comparison of the effects of KA in the CA1 (n=10) and CA3 (n=10) injection site 
with a 48-hour of interval. All rats reached Stage V on Day 1 after receiving 1.9 
injections on average, similar to the results of Exp I. The rats in the CA1 group showed 
focal and generalized seizures in 48.6% of all KA injections (18/37) on the two injection 
days and 21.6% of the injections (8/37) induced only focal seizures. Meanwhile, the 
rats in the CA3 group showed focal and generalized seizures in 40.9% of all KA 
injections (18/44) on the two days and 27.3% of the injections (12/44) induced focal 
seizures only. Twelve rats (six per group) received at least two injections on Day 1 
(Table 2): repeated measures ANOVA revealed a higher number of focal (F (1,10)=46.42, 
p<0.01) and generalized seizures (F (1,10)=16.41, p<0.01), and a shorter latency of focal 
(F (1,10)=15.23, p<0.01) and generalized seizures (F (1,10)=16.11, p<0.01) after the second 
injection. 
Figure 2   Total seizure number (mean ± SEM) per injection for six days in Exp I. Note 
that seizure number decreases (p<.05) over days.
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 The latency and number of both focal and generalized seizure (mean ± SEM) on 
the two injection days for both location groups are presented in Table 3. More focal 
seizures and a shorter latency of focal seizures were found on Day 1 than on Day 2 
(F (1, 18) =7.84, p<0.05; F (1, 18) =7.28, p<0.05), irrespective of location (Figure 3). 
The number of generalized seizures was not high or stable across days. An interaction 
between day and location was found for the generalized seizure latency (F (1, 18) =5.44, 
p<0.05). However, no significant effect was found in post-hoc t tests. 
With all rats reaching Stage V, three of the CA1 group and seven of the CA3 group 
reached SE on Day 1. Neither the presence of SE nor the injection number was 
different between the two location sites on Day 1. Two rats of the CA1 group and four 
rats of the CA3 group did not exhibit convulsive seizures on Day 2.  
Table 2   Number and latency of seizures (mean ± SEM) for the rats that received 
two injections on the first day in Exp II
Seizure number Seizure latency
F G F (min) G (min)
Int 1
CA1 (n=6) 0.7±0.5 0* 62.8±17.6 90*
CA3 (n=6) 1.5±0.9 0* 59.4±15.3 90*
Int 2
CA1 (n=6) 10.8±3.3 2.8±0.7 26.5±7.8 59.6±14.6
CA3(n=6) 14.5±1.5 1.5±0.8 9.1±2.9 39.0±14.6
F: focal seizures; G: generalized seizures. It is noted that during the first injection no generalized seizure 
occurred in both groups; the number of seizures was zero and for the latency the session length was taken 
(90 min), as marked by asterisk symbol. Int: Injection
Table 3   Number and latency of focal (F) and generalized seizures (G) (mean ± SEM) 
per injection (90 min) for the two injection days in Exp II
Seizure number Seizure latency
F G F (min) G (min)
D1
CA1 (n=10) 9.3±3.0* 1.3±0.3 26.8±6.5 57.4±7.1
CA3 (n=10) 12.9±2.2* 2.0±0.2 21.0±4.9 52.8±5.4
D2
CA1 (n=10) 5.1±1.3 1.7±0.4 32.9±9.0 45.4±9.7
CA3 (n=10) 4.2±1.0 1.0±0.3 53.5±7.7 70.0±6.9
F: focal seizures; G: generalized seizures. Note that both groups had a high focal seizure rate on Day 1, as 
marked by asterisk symbol.
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The rats were classified as low or high sensitive on Day 2, depending on whether they 
showed generalized seizures that day. Table 4 shows that the sensitivity of the rats on 
Day 2 was dependent on whether they reached SE on Day 1 (χ2=8.60, p<0.05): all the 
NonSE rats were sensitive and the majority of the SE rats were not sensitive. No 
difference was found between the CA1 and CA3 group in their sensitivity on Day 2 (not 
illustrated).
To investigate further how SE on Day 1 affects seizure parameters on Day 2, an ANOVA 
(SE- NonSE as cofactor, group as between-subjects factor) was then applied to seizure 
parameters. The results showed a longer latency of generalized seizures (F (1, 16) =5.37, 
p<0.05) and lower number of generalized seizures (F (1, 16) =8.04, p<0.05) in the SE 
rats on Day 2, suggesting that SE significantly protected against generalized seizures. 
Although no interaction was found between SE-NonSE and group, the number and 
latency of generalized seizures on Day 2 were subcategorized by location (Table 5) to 
further check the effects of SE in these two groups. The SE rats in the CA1 group had 
less generalized seizures (t (8) =2.58, p<0.05) and longer latency of generalized seizures 
(t (8) =2.57, p<0.05) (Figure 4) than the NonSE rats, while the CA3 group did not show 
such differences.
 To investigate further how SE on Day 1 affects seizure parameters on Day 2, an 
ANOVA (SE- NonSE as cofactor, group as between-subjects factor) was then applied 
to seizure parameters. The results showed a longer latency of generalized seizures (F 
(1, 16) =5.37, p<0.05) and lower number of generalized seizures (F (1, 16) =8.04, p<0.05) 
in the SE rats on Day 2, suggesting that SE significantly protected against generalized 
Figure 3A-3B   represent the number and latency of focal seizures (mean ± SEM) on 
two injection days for the CA1 and CA3 group in Exp II. Note that there 
were day effects (main effects, marked as asterisk symbol) on both 
latency and number of focal seizures.
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seizures. Although no interaction was found between SE-NonSE and group, the 
number and latency of generalized seizures on Day 2 were subcategorized by location 
(Table 5) to further check the effects of SE in these two groups. The SE rats in the CA1 
group had less generalized seizures (t (8) =2.58, p<0.05) and longer latency of 
generalized seizures (t (8) =2.57, p<0.05) (Figure 4) than the NonSE rats, while the CA3 
group did not show such differences. 
Rats in Exp II were subdivided into having SE and not having SE depending on whether 
they reached status epilepticus (SE) on Day 1. They were further subdivided into the 
high and low sensitive group depending on whether they displayed convulsive 
seizures (high sensitivity) or not (low sensitivity) on Day 2. It is noted that all NonSE 
rats and only 40% of the SE rats were sensitive to KA. D: Day.
Exp III: Comparison of the effects of a high (n=8) and low-dose (n=9) KA on Day 1 and 
Day 15. The sensitivity to KA was not analyzed for the first two injections on Day 1, as 
most of the rats (n=13) reached Stage V after the first injection and did not receive a 
second injection. Similar to previous experiments, all animals reached Stage V after 
receiving 1.0 (high-dose) or 1.9 injections (low-dose) on Day 1, while 50% of rats (4/8) 
and 66.7% of rats (6/9) reached SE on that day. On Day 14, one rat in the high-dose 
group showed one spontaneous seizure during 12-hour recording. On Day 15, all rats 
Table 4   Number of low and high sensitive rats on Day 2 according to their seizure 
severity (SE or NonSE) on Day 1 in Exp II
Intensity on D1
Sensitivity on D 2
Low High
NonSE (n=10) 0 10
SE (n=10) 6 4
Table 5   Number and latency of generalized seizures (mean ± SEM) on Day 2 in the 
CA3 and CA1 group in Exp II
GZ number GZ latency (min)
SE NonSE SE NonSE
CA1 group 0.3±0.3
(n=3)
2.3±0.5
(n=7)
76±14
(n=3)
33±9
(n=7)
CA3 group 0.7±0.4
(n=7)
1.7±0.7
(n=3)
73±10
(n=7)
62±1
(n=3)
SE: status epilepticus. GZ: generalized seizures
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reached Stage V in the high-dose group and all but one rat reached stage V in the 
low-dose group.
 The number, latency, duration and inter-seizure interval of both focal and 
generalized seizure (mean ± SEM) were calculated on the two days for both dose 
groups (Table 6). Repeated measures ANOVA were conducted in each parameter for 
the two groups on Day 1 and Day 15 and the outcomes were summarized as follows:
Focal seizures
Seizure number: the rats treated with the higher dose of KA had more focal seizures 
(F (1, 14) =16.41, p<0.01) than those treated with the lower dose. The SE rats had more 
focal seizures (F (1, 14) =8.62, p<0.05) than the NonSE rats. No day or interaction effects 
were found. Post-hoc t tests showed a marginal difference between the two dose 
groups on Day 15 only (t (15) =2.04, p=0.06).
 Seizure latency: a shorter latency (F (1, 14) =8.46, p<0.05) was found for the 
high-dose group than the low-dose group. No day or interaction effects were 
observed. Post-hoc t tests showed a marginal difference between the two dose 
groups on Day 15 (t (15) =2.09, p<0.05). 
 Seizure duration: seizures lasted longer (F (1, 14) =10.44, p<0.01) for the high-dose 
group compared to the low-dose group. In addition, seizures on Day 15 lasted longer 
(F (1, 14) =8.87, p=0.01) in the SE rats compared to the NonSE rats. No day or interaction 
effects were found. Post-hoc t tests showed that seizures lasted longer in the 
high-dose group on Day 1 (t (15) =3.43, p<0.01).
 Inter-seizure interval (ISI): ISI was shorter (F (1, 14) =11.00, p<0.01) in the high-dose 
group compared to the low-dose group. No other effects were found. Post-hoc t tests 
showed that the high-dose group had a shorter interval on Day 15 (t (15) =2.15, p<0.05).
Figure 4A-4B   represent the number and latency of generalized seizures (mean ± 
SEM) on Day 2 for two location groups in Exp II. Note that in the CA1 
group the SE rats had longer latency and less generalized seizures.
A B
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Generalized seizures
Seizure number: The SE rats had more generalized seizures on Day 15 than the NonSE 
rats (F (1, 14) =5.19, p<0.05). No group difference or day effects were found. Post-hoc t 
tests did not show any difference between the two dose groups on Day1 and Day 15.
Seizure latency: latency was shorter (F (1, 14) =5.88, p<0.05) on Day 15 than on Day 1. 
No other effects were noticed. No group difference was found in post-hoc t tests on 
Day 1 and Day 15.
 Seizure duration: duration was longer (F (1, 14) =11.38, p<0.01) in the high-dose 
group compared to the low-dose group. Other effects were not found. Post-hoc tests 
showed that generalized seizures lasted longer in the high-dose group on Day 1 (t (15) 
=3.22, p<0.01) and Day 15 (t (15) =2.31, p<0.05).
 ISI: ISI on Day 15 was shorter (F (1, 14) =5.73, p<0.05) in the SE rats than in the 
NonSE rats, no other effects were found. Post-hoc tests showed that the ISI was 
shorter marginally in the high-dose group on Day 15 (t (15) =4.31, p=0.06).
Table 6   Seizure number, duration, latency and inter-seizure interval (ISI) of focal (F) 
and generalized seizures (G) (mean ± SEM) for the low (L) and high-dose 
group (H) on Day 1 and Day 15 in Exp III
Group F Number G Number
Day 1 Day 2 Day 1 Day 2
L (n=9) 8.5 ± 2.2                  6.7 ± 1.6 1.2 ± 0.3 1.7 ± 0.5
H (n=8) 1.6 ± 2.4                 12.7 ± 1.7 1.7 ± 0.3 2.6 ± 0.5
Group F duration (s) G duration (s)
Day 1 Day 2 Day 1 Day 2
L (n=9) 30.2 ± 2.9                  27.1 ± 4.6 62.7 ± 9.1 57.8 ± 11.3
H (n=8) 43.9 ± 3.1                  37.3 ± 4.9 105.3 ± 9.6 93.5 ± 12.0
Group F Latency (s) G Latency (s)
Day 1 Day 2 Day 1 Day 2
L (n=9) 1383 ± 354             1739 ± 500 3352 ± 438 2323 ± 508
H (n=8) 615 ± 376                 307 ± 530 3042 ± 465 1674 ± 539
Group F ISI (S) G ISI (S)
Day 1 Day 2 Day 1 Day 2
L (n=9) 1547 ± 392              2060 ± 546 2831 ± 565 2622 ± 536
H (n=8) 421 ± 392                 428 ± 580 1911 ± 600 1689 ± 570
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 Considering that the same administration of KA was given to the rats of all three 
experiments on Day 1 except for different doses of KA (0.1, 0.05, 0.01 µg), the data 
from Exp II (the CA3 group) and III (the high-dose and low-dose group) were compared 
for seizure number, latency and duration. However, no dose effect was found on 
these parameters for both focal and generalized seizures on Day 1.  
4. Discussion
The main results of the study can be summarized as follows: 
In all three experiments, a large proportion of acute KA injections (>50%) on the first 
day induced focal and generalized seizures (Stage I to V), and at least half of the rats 
reached SE, irrespective of KA dose. The sensitivity to KA increased at subsequent 
injections within a single day, as was found in Exp I and II. 
 In contrast, the repetition of the injection protocol over the days with a 48-hour 
interval resulted in reduced sensitivity to KA with lower seizure number (Exp I and II). 
The rats who developed SE tended to have less generalized seizures (lower sensitivity) 
over the subsequent days. This was shown in longer latency and less generalized 
seizures on Day 2 in the CA1 group.
 In contrast, no changes or even an increase in sensitivity to KA was found (Exp III) 
with a two-week interval: shorter latency was found for generalized seizures on Day 15 
than on Day 1, while no day effect was found in the seizure number, latency, duration 
and ISI. 
 Moreover, the high-dose group had more severe seizures than the low-dose 
group (Exp III), which was found mostly on Day 15. No dose relationship of seizures 
was found on Day 1 when comparing the three dose groups (Exp II and III).
4.1 Effects of repeated KA injections on Day 1
All rats showed high sensitivity to KA on the first day in all experiments. Despite 
different doses, all animals reached Stage V and at least half of them reached SE on 
the first day. Even with one single injection, 70% (26/37) of the rats in Exp II and III 
showed seizures on LFP with or without convulsive behaviors. The rats became more 
sensitive after the second injection in terms of shorter latencies and more focal and 
generalized seizures. It can be concluded that not more than two injections induced 
seizures with various severities (Stage I to V) and that a high seizure rate (10-15 / 
injection) can be obtained after the second injection. 
 The seizure rate induced by KA in our experiments is to some extent comparable 
to a previous study (French et al., 1982). While both focal and generalized seizures 
were induced in our study, no convulsive seizures were reported in the former study. 
One explanation would be that the repeated injection protocol in our study might 
have caused more intense motor seizures than the single injection protocol of the 
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French et al. study. However, this cannot explain the fact that even after the first 
injection some of our rats (15/37) already showed convulsive behaviors. An alternative 
explanation could be the age difference for the rats between these two studies: our 
rats were 6 to 9 months old with an average weight of over 400 g, while French et al 
used 2 month old rats with an average weight of around 200 g. Many studies have 
shown that aged brains in rats and mice display increased susceptibility for various 
inducing factors including KA (Benkovic et al., 2006; Dawson and Wallace, 1992; Liang 
et al., 2007; Loiseau, 1997; Wozniak et al., 1991). 
4.2 Effects of repeated KA injections over days
Our data strongly suggests that the interval between two successive injection days is 
crucial for the changes in the sensitivity to the subsequent series of KA injections. In 
Exp I and II, the sensitivity to KA decreased with an interval of 48 hours, whereas no 
such changes were detected with an interval of 2 weeks in Exp III. 
48-hour interval 
A major finding in our study is that the brain displayed tolerance to repeated KA 
injections when the interval between 2 subsequent injection days was 48 hrs. In 
contrast, serial systemic KA injections (every other day) in adult rats rather increased 
the severity of seizures each time (Holmes and Thompson, 1988b; Sarkisian et al., 
1997). These differential outcomes might be due to different administration protocols, 
such as the route of drug administration and the usage of more than one injection 
(1.9) with a 90-miniute interval which might have caused more severe seizures on Day 
1. For instance, a high SE rate was found on Day 1 in our study, while no case of SE was 
reported in the Sarkisian et al.’s study. It is proposed that more intense and prolonged 
seizure state such as SE, as induced here by multiple injections, might render the 
brain less responsive to KA injections on the subsequent days with a 48-hour interval. 
 Indeed, many studies have shown that different stimuli including KA, kindling, 
and spontaneous seizures can precondition the brain and may protect against 
subsequent seizures (Kelly and McIntyre, 1994; Najm et al., 1998; Onat et al., 2007; 
Plamondon et al., 1999; Sasahira et al., 1995). A temporal reduction of seizure intensity 
following convulsions in an acute PTZ seizure model was reported (Luttjohann et al., 
2009). Several studies have found alterations in neurotrophins such as brain-derived 
growth factor (BDNF) and nerve growth factor (NGF) after seizures (Ballarin et al., 
1991; Follesa et al., 1994; Riva et al., 1992). Increased protein expression of BDNF was 
also found following SE (Rudge et al., 1998; Schmidt-Kastner et al., 1996). Therefore, 
severe epileptic conditions such as SE might provoke an intrinsic anticonvulsant 
mechanism, resulting in seizure tolerance to subsequent injections during the acute 
phase (2 days within the SE induction). This might be reminiscent of the silent period 
after induction of SE in the SE model of TLE. 
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Two-week interval
In contrast, the rats did not show reduced sensitivity to KA injections with a two-week 
interval (Exp III). Instead, the rats displayed a tendency of increased sensitivity to KA, 
as was shown by the decreased generalized seizure latency. The extension of the inter 
injection interval from two days to two weeks seems crucial, although a lower dose 
was used. Despite a lower dose, however, no dose related effects on seizures were 
found on Day 1. Therefore, it seems that the longer inter injection interval plays a 
crucial role in the switch from a decreased sensitivity to recovered or even enhanced 
sensitivity. A longer time allows the animals to recover from the severe seizure states 
and at the same time epileptogenesis might also happen, as shown by one rat in the 
high-dose group. As reported previously (Williams et al., 2007), epileptogenesis could 
occur as early as one week after KA induced SE. Therefore, the alteration in sensitivity 
to KA injection reflects recovery of the brain per se and the potential occurrence of 
epileptogenesis. This suggests distinct effects of SE at different phases: at the acute 
phase (48-hour interval) there was a less responsive state of brain following a high 
rate of SE, which could be reminiscent to the silent period in the SE model of TLE. 
With longer time (two-week interval), excitability of the brain was recovered, as was 
in cases of the SE model when epileptogenesis might take place. 
 It is noteworthy to point out that a dose-response relationship of KA induced 
seizures was found in Exp III. The high-dose group had more severe seizures than the 
low-dose group and this difference was observed only on Day 15. Meanwhile, dose 
relationship of seizures was absent on Day 1 across all three dose groups (0.1, 0.05, 
0.01 µg). Acute dose dependent effects of systemic administrated (3, 6, 10 mg/kg, 
s.c.) KA on behavior (wet dog shakes and immobility), and neurochemical 
(noradrenaline and amine metabolite such as 5-HIAA) and histopathological 
parameters such as oedema and necrosis were reported (Sperk et al., 1985). However, 
these authors did not show evidence of a dose-response relationship of seizures. This 
is consistent with our outcomes. Moreover, our data indicate that dose dependent 
effects on seizures appeared over two weeks rather than on the first day. 
 In vitro studies have reported that KA has a plethora of effects on pyramidal and 
interneurons and even with a low concentration it can strongly depolarize CA3 
pyramidal cells by activation of kainite receptors at mossy fiber synapses (Robinson 
and Deadwyler, 1981; Westbrook and Lothman, 1983), and increase tonic inhibition by 
activation of kainate receptors on GABAergic interneurons (Cossart et al., 1998; 
Frerking et al., 1998). It can also regulate the release of glutamate (Chittajallu et al., 
1996) and GABA (Frerking et al., 1999). Additionally, with a higher concentration, it 
can activate AMPA receptors to depolarize pyramidal neurons (Mulle et al., 1998). 
Despite such multifaceted effects of KA on various receptors in vitro, our study 
suggests that KA at the current doses (0.01, 0.5 and 0.1 μg) did not induce differenti-
ating effects in vivo at the acute phase, but rather lead to different effects with 
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development of seizures after a certain time period. It is possible that the actual 
amount of KA that arrived at the target area was already above the threshold to have 
any differential effects at the acute phase. 
4.3 Differences between the CA1 and CA3 injection site
Our data (Exp II) showed that the SE rats had less generalized seizures on the 
subsequent day when the CA1 area was administrated with KA.
 The CA1 area receives inputs primarily from the CA3 area and sends dense axonal 
projections to the subiculum - the main output structure in the hippocampus (Witter 
and Amaral, 2004). The position of the CA1 in the hippocampal network – adjacent to 
the output of the hippocampus - indicates that it is an important station on the serial 
seizure propagation circuit and might explain that generalized seizures rather than 
focal seizures were affected when KA was administrated to the CA1 area.
 On the other side, despite different receptor distribution and intrinsic connectivity 
between the CA1 and CA3 area, no overall difference of sensitivity to KA injections 
was found between these two areas. It is likely that the lack of the overall difference 
between these two areas is due to the severe seizures on Day 1 and subsequent less 
responsive state on the following days. In addition, the difference in intrinsic 
excitability observed in many in vitro studies does not necessarily make a difference 
in seizure response in an intact brain, as is the case of our study. 
5. Conclusions
In summary, injections of KA in the CA3 region induced multiple acute focal and 
generalized seizures varying in intensity from Stage I to V, with half of the rats reaching 
SE. Repeated KA injections may have different or even opposite effects on brain 
excitability - measured by the response to a subsequent series of KA injections: 
excitability increased 90 minutes after the first injection, decreased 48 hours after 
the first injection day and it became even less after repeated KA injections across six 
days. In contrast, no obvious changes or even an increase in the excitability were 
detected two weeks after KA injections. 
 The reduction of the sensitivity after 48 hours reflects an intrinsic anticonvulsive 
mechanism following severe seizures such as SE. However, with a two-week interval 
such anticonvulsant process might have lost its power and epileptogenesis could 
have started. The sustained excitability of brain allows for repeated induction of a 
high rate of acute seizures, providing opportunities for investigation of acute 
responsive stimulation that contingent upon seizures.
 Although no overall difference of KA effects was found between the CA1 and CA3 
area, the SE rats had less generalized seizures on the second day when seizures are 
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initiated in the CA1 region. This might be related to the fact that the CA1 area is 
adjacent on the output pathway of the hippocampal formation.
 Finally, dose related effects of KA on seizures were found over two weeks instead 
of on the first day. This might indicate that these doses might already be above the 
threshold to have any differential effects at the acute phase.
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Abstract
 
Purpose: An algorithm for real-time seizure detection is crucial in a closed-loop 
system to deliver interventions such as electrical stimulation to control seizures in 
human or in animal models. This study evaluated the performance of a program 
designed for early real-time seizure detection in an animal model of temporal lobe 
epilepsy. 
Method: For each rat, EEG signal consists of the baseline EEG and epileptic EEG 
(induced by kainic acid injections intrahippocampally). The proposed algorithm uses 
features extracted from the baseline EEG as a reference. The epileptic EEG was then 
weighed against the reference for spike detection. Spike frequency was determined 
and compared to a threshold value (five spikes per second) for seizure detection. 
Different thresholds (low, high threshold and individual (sub) optimal threshold) were 
employed to evaluate the performance of the program against visual scoring.
Results: A total of 198 seizures and 1882 spikes in 14 rats were analyzed by the 
program. It appeared that the results could be divided into three categories, 
depending on the program’s performance for seizure detection. In category I (n=6), 
the performance of the detection program was independent of detection threshold. 
In category II (n=2), a high specificity of seizure detection was achieved with the high 
threshold. In category III (n=6), neither of the two thresholds could detect seizures 
well enough and individual thresholds were explored in order to find an (sub)optimal 
threshold for seizure detection with an acceptable sensitivity (> 90%) and specificity 
(80%). Meanwhile, a specificity and sensitivity of over 90% were obtained for spike 
detection when individualized threshold was used.  
Conclusion: This automated real-time program is suited for seizure detection although 
different thresholds cannot be avoided. Overall, the program has a high sensitivity 
and specificity and is computationally efficient. It can be used for closed-loop systems 
of deep brain stimulation.
Key words: seizure/spike detection, seizure
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1. Introduction
Epilepsy is one common chronic neurological disorder, affecting 0.5-1% of the 
population worldwide (Hauser et al., 1993). One-third of patients with epilepsy do not 
respond to antiepileptic drugs (Kwan and Brodie, 2000). While the primary treatment 
option for these patients is resective surgery, not all these patients are proper 
candidates for resection. Electrical stimulation is emerging as a promising alternative 
treatment for them. Open loop stimulation, delivered according to a predefined 
schedule, lacks temporal specificity and might induce problems such as functional 
disruption or habituation (Morrell, 2006). In contrast, closed-loop stimulation, 
delivered directly in response to electrographic activity of the brain, is likely to avoid 
these problems by reducing the amount of charge over time and might improve the 
efficacy of therapy (Iragui and McCutchen, 1991; Lian et al., 2003). 
 A key step to a closed-loop system is the development of an algorithm for 
real-time seizure detection. Real-time seizure detection can be used for data 
screening, warning and therapy delivery of interventions upon relevant EEG changes. 
Therapies include electrical current, anti-seizure compounds and thermal energy 
(cooling) (Osorio and Frei, 2009). Different computer algorithms have been developed 
for real-time seizure detection in human EEG (Flanagan et al., 2003; Gotman and 
Marciani, 1985; Gotman, 1990; Gotman, 1999). Recently, an implantable responsive 
neurostimulator (RNS, NeuroPace, Inc., Mountain View, California) has been 
developed to detect real-time seizures and deliver responsive stimulation to patients 
with medically intractable partial-onset epilepsy. The safety and efficacy of this 
system are assessed in a multicenter, double-blinded, randomized study as an 
adjunctive therapy in adults with medically refractory epilepsy (Morrell, 2011).   
 In the present study, an algorithm has been developed for early real-time 
detection of seizures and spikes in animal EEG. EEG signal consists of the baseline EEG 
and epileptic EEG such as seizures and spikes which were induced by local 
administration of the convulsant agent- kainic acid (KA) into the hippocampus in rats. 
Prerecorded signal was played back with real-time speed and analyzed by the 
detection program. The aim of the study is to evaluate the performance of the 
program for spike and seizure detection. In this program, amplitude features were 
extracted from the baseline EEG as a reference and the epileptic EEG was weighed 
against the reference for spike detection. Spike frequency was then measured and 
compared with a threshold value to detect seizures.
84 | Chapter 4
2. Materials and methods
2.1 Subjects and data acquisition
The EEG data in this study were recorded from 14 male Wistar rats, with body weight 
of 434±70 g. These rats were bred at the Biological Psychology Department in the 
Donders Centre for Cognition at Radboud University Nijmegen. They were housed 
under controlled temperature (20 °C, relative humidity 50~70%) and light conditions 
(12 hour light/dark cycle with white lights on at 7:00 A.M.), with ad libitum access to 
food and water. All procedures on animal experimentation in this study were 
approved by the local medical-ethical committee of Radboud University Nijmegen 
(RU-DEC).  
2.2 Surgery 
A cannula-bipolar electrode complex (MS202/2, Plastics One, Roanoke, VA, USA) was 
implanted in the CA3 area (AP: -5.6; ML: 4.8; DV: 5.5 mm) of the hippocampus and 
one electrode wire was located epidurally on the contralateral motor cortex. The 
cannula-electrode complex comprised of a 26-gauge guide cannula and a bipolar 
recording electrode formed by gluing two insulated stainless steel wires that were 
then fixed to the guide cannula by heating. This electrode-guide complex allows to 
deliver KA into the injection site and to record simultaneously EEG adjacent to the 
injection site, the assumed focal region. Two wires were located above the cerebellum 
serving as reference and ground electrode respectively. After surgery, the rats were 
given two weeks to recover.
2.3 EEG recording
EEG signals, fed into a multi-channel differential amplifier via a swivel contact that 
enables animals to move freely, were amplified (gain: 5000), band-pass (1~100Hz) 
and notch filtered (50 Hz). The output was sampled at 256 Hz and digitized with a 
WINDAQ/Pro data acquisition system (DATAQ Instruments 2.49, Akron, OH, USA). 
Each rat was recorded for one-hour baseline EEG and subsequent epileptic EEG for 
one and half hour after receiving KA injection intrahippocampally. Prerecorded 
signals were then played back with DI410 DAC board (DATAQ Instruments 2.49, Akron, 
OH, USA) with real-time speed and analyzed by the program. The application of the 
playback signal allowed us to reduce the number of animals used in the experiment 
and to test different detection thresholds. The program was profiled and it was 
shown that single sample processing time is much lower than the sampling interval. 
When a spike or spike train was detected, a marker was inserted on an addition 
channel of the WINDAQ recording system. 
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2.4 Algorithm
The algorithm for real-time seizure detection consists of two steps. The first step is to 
detect spikes based on individual amplitude features extracted from the baseline EEG 
of each subject. The second step is to measure spike frequency on the epileptic EEG 
and compared with a threshold value to detect spike trains.
 A spike in the EEG is distinguished clearly from background activity with a pointed 
peak, an amplitude at least twice the background activity and duration from 20 to 70 
ms (Chatrian et al., 1974). A spike is regarded as epileptiformic activity because it 
signals that seizures may occur in a given subject or that seizures are about to begin. 
To detect spikes, at first features of the normal background EEG such as mean (µ) and 
variance (σ2) of amplitude, were extracted from the baseline EEG (as recorded one 
hour prior to the administration of the chemoconvulsant drug KA). The amplitude of 
the normal background EEG is considered to have a Gaussian distribution. For any 
given data point in the subsequent epileptic EEG recording, the probability of its 
amplitude is computed as 
Where f(x) is a probability density function for each data point x, µ is the mean 
amplitude and σ2 is the amplitude variance of the baseline EEG. When the variance of 
a given data point is higher than a certain cutoff threshold, it is considered as a spike. 
The cutoff threshold (T) in the algorithm is defined as
 Where C represents a constant value which was empirically chosen. Two values 
for C (thresholds) were used in this study to obtain a high threshold (H) and a low 
threshold (L). If neither of these two thresholds performed well, a range of C values 
was explored to find the optimal threshold for each rat individually. 
 Seizures can be characterized as the presence of a fixed number of spikes over a 
given interval. Thus, in this algorithm spike frequency was measured and compared 
to a threshold value (5 Hz) to distinguish a seizure train from normal activities (based on 
observation that all seizures contain at least 5 spikes over 1 second in this rat model).
3. Results
3.1 Seizure detection 
A total of 198 seizures in 14 rats on EEG were viewed by one experienced experimenter. 
The electrographic seizures started with low amplitude fast activities with increasing 
amplitude and frequency until they developed into high-amplitude epileptic spikes. 
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The definition of seizure onset for visual inspection is when the amplitude of epileptic 
activities becomes twice the background EEG. All electrographic seizures were first 
analyzed with two threshold values. For each threshold, the number of true positive 
detections (TP), false positive detections (FP) and false negative detections (FN) were 
counted and characteristics such as specificity and sensitivity were calculated. 
Sensitivity and specificity of seizure detection were computed as below to evaluate 
the program performance:
The detection delay for seizure onset between visual inspection and program 
detection was calculated as well. Based on different performances by the program, 
rats were distinguished as three categories, as shown in Table 1. Category I: seizure 
detection was relatively independent of the predefined threshold values. Category II: 
seizure detection was partially dependent of the predefined threshold values: a 
better performance with a high value. Category III: Neither of the high and low 
thresholds could detect seizures well and individual thresholds were then explored to 
find an (sub) optimal one for seizure detection with an acceptable sensitivity (>90%) 
and specificity (80%). 
 In total, six rats were classified in Category I, two rats in category II and six rats in 
category III. High sensitivity (100% and 96.4% for the low and high threshold values 
respectively) and specificity (94.9% and 96.4% respectively) were achieved for the 
rats in Category I. The detection delay for seizure onset with the low threshold was 0 
s and was 5.7 ± 0.7 s (mean ± SD) with the high threshold. For the rats in Category II, 
despite relatively poor performance with the low threshold, the high threshold 
achieved a high specificity (94.5%) and sensitivity (89.5%) with a delay of 3.8 ± 3.7 s 
for seizure detection. In Category III, only individual thresholds were successful in 
detecting seizures with high sensitivity and specificity (90.0% and 83.6%). The average 
delay for seizure detection with individualized threshold was 4.9 ± 3.5 s.
As mentioned, spikes as well as seizures were falsely detected with both the low and 
high threshold for rats in category III. Figure 1 illustrates an example of spike-seizure 
detection with different threshold values. Fig. 1A & 1B show seven false detections of 
multiple spikes with the high threshold while seizures were correctly detected with 
the individualized optimal threshold (Fig 1C & 1D). Besides these false detections of 
multiple spikes (Fig 1A, 1B, 2B), some large amplitude artifacts were incorrectly 
detected as a seizure event, resulting in false positive detections (FP) (Fig. 2C).  
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Figure 2 Illustrates two examples of multiple spikes and artifacts falsely detected as 
seizures. Fig 1A is the raw EEG with seizure detections and these two pieces were 
magnified in Fig 2B and Fig 2C. Fig 2B: multiple spikes were mistakenly detected as a 
seizure event on the SD channel; Fig 2C represents artifacts that were incorrectly 
detected as a seizure event. Note that each figure contains an upper channel 
representing the EEG, the middle channel (SpkD) is for spike detection and the lower 
channel (SD) is for seizure detection. SpkD: spike detection; SD: seizure detection.
Table 1   The program performance for seizure detection
 
Rat # Threshold Delay TP FP FN Sensitivity Specificity
1 B 4.8 3 1 0 100 75.0
2 B 6.1 17 0 0 100 100
4 B 6.8 13 0 0 100 100
5 B 5.6 12 0 1 92.3 100
6 B 5.4 37 3 0 100 92.5
7 B 5.7 26 0 3 89.7 100
3 H 6.4 9 1 0 100 90.0
12 H 5.7 8 1 1 88.9 88,9
8 I 3.4 4 0 0 100 100
9 I 2.9 3 0 0 100 100
10 I 2.9 4 1 1 80.0 80.0
11 I 1.4 11 1 0 100 91.7
13 I 9.7 20 5 5 80.0 80.0
14 I 8.9 19 5 1 95.0 79.2
The rats were divided into three categories according to the performance of the algorithm 
seizure detection. Category I: seizure detection was relatively independent of threshold, as 
shown the first six rats with both the low and high thresholds (B). The parameters (delay, TP, FP, 
etc.) were calculated with the high threshold. Category II: seizures can be detected well with 
the high threshold (H) but not with the low threshold (L) in two rats. Category III: neither of 
these thresholds can detect seizures well enough. Individualized thresholds were used in six 
rats to ensure detection accuracy. B: both low and high thresholds; H: high threshold; I: 
individualized optimal threshold. TP: true positive detections; FP: false positive detections; FN: 
false negative detections.
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3.2 Spike detection 
EEG samples were chosen randomly in each rat (n=14) and viewed by the experimenter 
for spike analysis. A total of 1882 spikes were identified with visual inspection. 
Meanwhile, all these spikes were analyzed by the program and individual thresholds 
were explored and chosen to ensure sufficient sensitivity and specificity (Table 2).  In 
general, an average of sensitivity (90.3%) and specificity (90.0) were obtained in 
these rats.
Figure 1   represents one example in detection with individualized optimal threshold. 
Fig 1A and 1C show one example of the same seizure detected with the high threshold and 
individualized threshold respectively. Fig 1B and 1D are their magnified graphs. Note that in Fig 
1A & 1B, seven false positive detections were made upon multiple spikes on the SD channel 
where only seizures should be detected. In contrast, with an individualized threshold, as shown 
in Fig 1C only seizures were detected on the SD channel. Fig 1D showed no false detection of 
spikes as seizures. All four figures contain three channels:  the upper channel represents the 
raw EEG, the middle channel (SpkD) indicates spike detection and the lower channel (SD) 
indicates seizure detection. SpkD: spike detection; SD: seizure detection.
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Figure 2   Illustrates two examples of multiple spikes and artifacts falsely detected as 
seizures. 
Fig 1A is the raw EEG with seizure detections and these two pieces were magnified in Fig 2B and 
Fig 2C. Fig 2B: multiple spikes were mistakenly detected as a seizure event on the SD channel; 
Fig 2C represents artifacts that were incorrectly detected as a seizure event. Note that each 
figure contains an upper channel representing the EEG, the middle channel (SpkD) is for spike 
detection and the lower channel (SD) is for seizure detection. SpkD: spike detection; SD: seizure 
detection.
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4. Discussion
A variety of EEG features has been used for seizure detection such as amplitude 
relative to background activity (Dingle et al., 1993; Murro et al., 1991), wavelet features 
(Adeli et al., 2003; Sadati, 2006; Subasi, 2007), energy distribution (Tzallas et al., 
2007), chaotic features (Kannathal et al., 2005; Paivinen et al., 2005) and so on. In this 
study, amplitude and spike frequency were used in the program to detect seizures, as 
seizures are the stereotyped events consisting of multiple spikes with increasing 
amplitude and frequency during the transition from non seizure to seizure state. 
 The program was tested on almost two hundred seizures with different thresholds 
(low, high threshold and individualized (sub) optimal threshold). Rats were divided 
into three categories according to various performances of the program. For the six 
rats in Category I, performance of the program was independent of detection 
threshold. For the two rats in Category II, a high specificity of seizure detection can be 
achieved with the high threshold but not with the low threshold. For the six rats in 
Category III, only individualized threshold can detect seizures well. The discrepancy of 
Table 2   The program performance for spike detection with individualized threshold 
values for detection.
Rat # TP FP FN Sensitivity Specificity
1 113 13 8 93.4 89.7
2 89 9 10 89.9 90.8
3 168 22 13 92.8 88.4
4 134 15 14 90.5 89.9
5 81 9 10 89.0 90.0
6 201 21 20 91.0 90.5
7 66 6 8 89.2 91. 7
8 120 14 12 90.9 89.6
9 183 21 20 90.1 89.7
10 142 15 16 89.9 90.4
11 115 10 14 89.1 92.0
12 104 14 11 90.4 88.1
13 98 10 15 86.7 90.7
14 86 10 11 88.7 89.6
overall 1700 189 182 90.3 90.0
TP: true positive detections; FP: false positive detections; FN: false negative detections.
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the program performance might be due to the individual variability and irregularity 
of EEG patterns, as suggested and demonstrated by Sitnikova et al. (2009). These 
authors showed with dedicated and refined analyses methods (wavelet) of phasic 
EEG events that 82-91% of the sleep spindles could only be reliably detected in case 
of individual characteristics of spindles and therefore customized adoptive ‘spindle 
wavelets’ were taken into account (Sitnikova et al., 2009). Thus, in Category III, 
individualized thresholds should be chosen for these rats in order to ensure sufficient 
accuracy for seizure detection. 
 Meanwhile, improvement of detection specificity by adjusting the threshold is 
inevitably compromised with increasing detection delay. Early detection is crucial for 
a detection program in a closed-loop system, as the effect of stimulation on seizures 
is time-dependent (Sun et al., 2008). Therefore, caution is called for when selecting 
an individual threshold in order to maintain a balance between high specificity and 
early seizure detection. 
 On the other hand, almost two thousand spikes in more than a dozen rats were 
analyzed with individualized thresholds and an acceptable (>90%) specificity and 
sensitivity were obtained. The requirement for individualized threshold might be due 
to the intrinsic features of spikes. One prominent feature for spikes is their highly 
variable morphology and amplitudes. Such variations are influenced by various 
factors such as the cell geometry, the orientation of the cells, the distribution and 
density of individual ion channels, and positioning of a recording electrode to 
electrically active membrane (Humphrey, 1979). Moreover, the morphology and 
amplitudes of spikes can be changed over the course of experiment time due to 
electrode movement, gliosis, circuit reorganization and other changes in the brain 
(White et al., 2006), posing more difficulties for spike detection. Some artifacts mimic 
spikes since spikes are short, rather variable and could be corrupted by noise. In 
contrast, artifacts rarely mimic fully developed seizures given that seizures are 
prolonged events and have characteristic rhythmic patterns. This makes seizure 
detection easier than spike detection. Therefore, individual thresholds are even more 
important for spike detection in order to ensure detection accuracy than for seizure 
detection. In short, reliable real-time spike detection with this program is more 
challenging than real-time seizure detection.
 In general, this automated real-time program could operate with three 
possibilities for thresholds to achieve proper (high sensitivity and specificity) seizure 
detection: independent of the low or high detection threshold, good performance 
with a predefined high threshold or with an individualized optimal threshold to 
ensure accuracy in seizure detection. The reason for the existence of the latter 
category is the individual variability in EEG characteristics. In general, the program is 
computational efficient and can be further used for a closed-loop system of deep 
brain stimulation.
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Abstract
Objective: The effects of acute responsive high frequency stimulation (HFS) to the 
subiculum on seizures and interictal spikes were investigated in a semi-acute kainic 
acid (KA) induced seizure model in rats. 
Method: Wistar rats (n=15) were implanted with an electrode-cannula complex in the 
CA3 area, stimulation and recording electrodes in the subiculum and another 
recording electrode at the contralateral motor cortex. Two weeks later rats were 
injected repeatedly with KA (0.05µg/0.1µl) for three days with an interval of 48 hours. 
HFS (125 Hz, 100µs) was delivered to the subiculum at a predetermined intensity 
range (100 µA ~ 500 µA) in the HFS group (n=7) when seizures were visually detected, 
while no stimulation was delivered in the sham control group (n=8).
Results: Various severities of seizures were obtained (Stage I to V) and all the rats of 
both groups reached Stage V (Racine’s scale) on Day 1. In the HFS group, 40.0% of the 
KA injections induced generalized seizures and in the sham group 60.0% of them 
elicited generalized seizures. The HFS group also had less focal seizures and a longer 
inter- focal seizure interval on Day 1. Interictal spike rate was also lower in the HFS 
group and decreased with injection days. Significant day effects were found for the 
latency, number of focal seizures and duration of focal seizures and generalized 
seizures while differences between groups were no longer present.  
Conclusion: Responsive HFS did not disrupt ongoing seizures. However, focal seizures 
and interictal spikes were suppressed by HFS. Such anticonvulsant effects of acute 
subicular stimulation indicate that the subiculum is involved in seizure generation. 
The reduction of seizure sensitivity over the injection day reflects an intrinsic 
anticonvulsant mechanism.
Key words: temporal lobe epilepsy, high frequency stimulation, responsive stimulation, 
subiculum
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1. Introduction 
Electrical stimulation of deep structures in the brain has been used successfully for 
the treatment of movement disorders such as Parkinson’s disease. Recently, deep 
brain stimulation (DBS) has gained more attention as an alternative treatment for 
refractory epilepsy such as temporal lobe epilepsy (TLE). DBS has advantages as a 
reversible, less invasive treatment with fewer complications compared to temporal 
lobectomy; it offers a promising option for patients who are not eligible candidates 
for resective surgery.  
 Extensive evidence has shown that the hippocampus is pivotal in seizure 
generation (Spencer, 2002; Swanson, 1995). DBS, especially high frequency stimulation 
(HFS), has been applied to the hippocampus to control seizures in patients (Boon et 
al., 2007; Osorio et al., 2005; Tellez-Zenteno et al., 2006; Velasco et al., 2000a; 
Velasco et al., 2007; Velasco et al., 2001; Velasco et al., 2000b; Vonck et al., 2002) and 
in animal models (Bragin et al., 2002; Cuellar-Herrera et al., 2006; Wyckhuys et al., 
2007; Wyckhuys et al., 2010a). The rational for HFS is that it is associated with the 
desynchronization of neuronal activities and thereby might achieve therapeutic 
effects (Boon, Vonck et al. 2007). Stimulation can be delivered at a predefined 
stimulation protocol, that is, scheduled stimulation, independent of the neurophysi-
ological state of the brain. In contrast, responsive stimulation is delivered directly in 
response to electrographic epileptic activities. Considering that the occurrence of 
seizures can be irregular and intermittent, responsive stimulation has the potential 
advantages of targeting seizure dynamics with high temporal and spatial specificity 
and is less likely to cause tissue damage due to exposure of neuronal tissue to 
stimulation (Sunderam et al., 2010). Experimental studies indeed showed a reduction 
of spontaneous seizures by delivering high frequency responsive stimulation to the 
epileptogenic zone or to the anterior nucleus of thalamus in each four patients with 
inoperable TLE (Osorio, Frei et al. 2005). Additionally, afterdischarges were terminated 
or shortened by responsive brief bursts of pulse stimulation (Lesser et al., 1999; 
Motamedi et al., 2002) and seizures were altered or suppressed by responsive cortical 
stimulation in patients (Kossoff et al., 2004). Recently, implantable responsive neuro-
stimulator (RNS, NeuroPace, Inc., Mountain View, California) has been developed to 
detect real-time seizures and deliver responsive stimulation to patients with medically 
intractable partial-onset epilepsy. The safety and efficacy of this system are assessed 
in a multicenter, double-blinded, randomized study in adults with medically refractory 
epilepsy (Morrell, 2011). High frequency hippocampal stimulation was delivered 
during the preictal period on predicted spontaneous seizures in the status epilepticus 
(SE) rat model (Nair et al., 2006). Their preliminary results in three rats showed 
reduced seizure frequency and longer free seizure periods, indicating anticonvulsant 
effects of acute preictal hippocampal stimulation.
98 | Chapter 5
In the present study, acute responsive stimulation was delivered to one subregion of 
the hippocampus - the subiculum - in kainic acid (KA) treated rats. The subiculum is 
the major output structure in the hippocampal network (O’Mara et al., 2001; Witter 
and Groenewegen, 1990), receiving fibers mainly from the CA1 field and projecting to 
the entorhinal cortex (EC), other cortical and subcortical structures (O’Mara, 2005). 
Spontaneous rhythmic activity has been found in the isolated subiculum in human 
slices (Cohen et al., 2002; Wozny et al., 2003). It was also found that the subiculum 
was hyperexcitable when activated by CA1 or EC inputs in brain slices of pilocarpine 
treated rats (de Guzman et al., 2006). Taken together, the subiculum is rather prone 
to synchronous activities and has never been studied in the effects of responsive 
stimulation or scheduled stimulation in order to control seizures. 
 The aim of the study is to investigate the effects of responsive subicular HFS on 
temporal lobe seizures. A semi-acute temporal lobe seizure model was used: 
repeated injections of low dose kainic acid (KA) intrahippocampally. With this seizure 
model not only different severities of seizures can be obtained, but also a large 
number of seizures within a limited period. The presence of multiple focal and 
generalized seizures within a limited time frame provides us with multiple possibilities 
to intervene with responsive stimulation. The effects of responsive subicular stimulation 
were compared with a sham group. It is hypothesized that acute responsive HFS of 
the subiculum would interrupt seizures or reduce the rate of seizures and interictal 
spikes.  
2. Materials and methods
2.1 Animals
Male Wistar rats (n=20), weighing 451 ± 47 g, were used (bred at the Biological 
Psychology Department, Radboud University Nijmegen). The rats were housed under 
controlled temperature (20 °C, relative humidity 50~70%) and light conditions (12 
hour light/dark cycle with lights on at 8:00 A.M.), with ad libitum access to food and 
water. The local medical-ethical committee of the Radboud University Nijmegen 
(RU-DEC) approved all procedures on animal experimentation in this study. Efforts 
were taken to alleviate discomfort and number of animals in the study as much as 
possible. 
2.2 Simultaneous Electrode-Guide combinations
Simultaneous electrode-guide combinations (C315G-MS303/2, Plastics One, Roanoke, 
VA, USA) comprised of a 26-gauge guide cannula and two insulated stainless steel 
wires glued to the guide cannula. This electrode-guide complex enables us to deliver 
KA into the injection site, record and stimulate very near the injection site. A dummy 
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was used to close the guide cannula. The tips of bipolar electrodes were 1 mm shorter 
than the tip of the cannula.
2.3 Surgery
The rats were anesthetized with isoflurane inhalation and fixed in a stereotaxic frame. 
At the start of surgery atropine sulfate was given to reduce saliva secretion (0.1 ml, 
i.m.) and the analgesic Rimadyl (4 mg/kg, s.c.) was administered. Body temperature 
was monitored and maintained at 37 °C with a heating pad throughout surgery. The 
cannula-bipolar electrode complex was placed in the CA3 area (AP: -5.6 mm, ML: -4.8 
mm, DV: 5.0 mm). One tripolar electrode (MS222/2a, Plastics One, Roanoke, VA, USA) 
containing three stainless wires, was located on the left hemisphere, with the frontal 
wire targeting the motor cortex and the other two wires that were located above the 
cerebellum serving as reference and ground electrode. The other tripolar electrode 
was located in the subiculum (AP: -5.6 mm; ML: -2.2 mm; D: 3.2 mm) serving one 
recording and two stimulation electrodes. The cannula-electrode complex, tripolar 
electrodes and several screws were attached to the skull with dental acrylic cement. 
After surgery, the animals were housed individually and were allowed to recover from 
surgery for 2 weeks. After that, the animals were handled by the experimenter 5 
minutes per day.
2.4 Video and EEG monitoring and stimulation set up
The rats were connected to the recording and stimulation leads, and then connected 
to a swivel contact that enables the animals to move freely. EEG signals were fed into 
a multi-channel differential amplifier, amplified (5000), band-pass (1~500Hz) and 
notch filtered (50 Hz). The stimulation leads were connected to a programmed 
stimulator. The signal output was sampled at 512 Hz and digitized with a WINDAQ/Pro 
data acquisition system in combination with a DI410-interface (DATAQ Instruments 
2.49, Akron, OH, USA). Video was captured with a camera placed in the chamber and 
recorded with the aid of the Observer® (Noldus Information Technology BV, 
Wageningen, The Netherlands). 
 The animals had a 12:12 light/dark cycle with light at 8 a.m. because it was found 
that seizure occurrence was higher during the light than during the dark period (Raedt 
et al., 2009). The recording took place in a noise-isolated experimental chamber. Two 
days before EEG recording, the animals were placed in a Plexiglas recording cage 
(30×25 cm, high 35 cm) so as to habituate to the recording system. The rats were 
randomly assigned into two groups: a stimulation group (n=10) where the rats 
received HFS and a sham group (n=10) where the rats were connected with the 
stimulator but did not receive HFS. All rats received KA injections to induce seizures.
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2.5 Microinjection of KA 
After one-hour baseline EEG recording, the animals received an injection of 0.05 µg 
KA (Ascent Scientific Ltd, U.K.) and then were monitored with EEG and video of 
behavior for 1.5 hour. KA injections were repeated every 1.5 hour until the rats reached 
Stage V, Racine’s scale (Racine, 1972), that is, animals displayed convulsive seizures 
(bilateral myoclonus, tonic-myoclonus, rearing and falling). The number of injections 
within one day was restricted to four. KA injections were conducted every other day 
for three days in total. When the animals showed convulsive SE for more than half an 
hour, diazepam was administered (5 mg/kg, i.p.) to control seizure severity.  
 During each injection, an injection needle was connected via tube to a 1µl 
Hamilton syringe (Bonaduz, Switzerland) and was lowered into the guide cannula. The 
length of the injection needle was predetermined and the distance between the 
needle tip and the cannula tip was 0.5 mm. An amount of 0.1 µl KA (0.05 µg/0.1 µl; 0.1 
µl/min) was injected from the syringe and then the needle was left in the cannula for 
another minute. Afterward, the needle was removed and a dummy was used to close 
the cannula.
2.6 HFS
HFS was delivered at 125 Hz, bipolar, biphasic, square wave with a width of 100 µs. 
The stimulation intensity was determined for each rat before the first KA injection. 
Starting with 100 µA, the intensity was step-wisely increased by 100 µA until motor 
effects (twitching, head nodding, rearing etc.) or EEG abnormalities were observed. 
Then the intensity was reduced by 200 µA and was kept at that level for the rest of 
the experiment. HFS parameters and the protocol to determine stimulation intensity 
were similar to what was used in previous studies (Velasco, et al. 2000a, Velasco, et 
al. 2001, Velasco, et al. 2000b, Vonck, et al. 2002). HFS was triggered when epileptic 
activities on EEG were identified by visual inspection (interictal spikes increased with 
frequency and the amplitude surpassed twice the baseline EEG) without using any 
seizure detection algorithm and HFS lasted until EEG came back to the normal level 
(Fig. 1). The Animals were continuously stimulated during seizures as well as during SE 
periods until the recording session was over. On average the delay between seizure 
start point and start of stimulation was 4.1 ± 0.3 s (mean ± SEM). 
2.7 Histology
At the end of the experiment, the animals were anesthetized with sodium 
pentobarbital (60 mg/kg, i.p.) and later a DC current (25 µA, 15 sec) was delivered 
through the electrodes to create a lesion around the electrode tips. Afterward, the 
animals were perfused transcardially with 2% potassium ferrocyanide in a solution of 
4% formaldehyde in 0.04 M phosphate buffer (PH=7.3). The brains were removed and 
post-fixed in the same solution overnight at 4 °C. After post-fixation, the brains were 
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placed into a 30% sucrose solution and remained there until they sank 3 or 4 days 
later. Then coronal sections (50 µm) were cut by a microtome (HM 440E, Waldorf, 
Germany) and the slices containing the track of the cannula and electrodes were 
stained with cresyl violet. In the end, these slices were examined under a light 
microscope to verify the positions of the cannula and electrodes using the atlas of the 
rat brain (Paxinos and Watson, 1998).
2.8 Data Analysis 
The recorded EEG was reviewed with the WINDAQ/Pro browser. The start point of a 
seizure was defined when the amplitude of the spikes in a spike train was twice the 
baseline on EEG. Racine score (1972) was used to classify the severity of behavioral 
seizures: Stage I (immobility, facial automatism), II (head nodding, wet dog shakes), III 
(unilateral myoclonus), IV (bilateral myoclonus or tonic-myoclonic behavior, rearing 
without falling) and V (bilateral myoclonous or tonic-myoclonic behavior, rearing and 
falling). Focal seizures were defined both by severity of seizure behavior (Stage I or II) 
and electrographic seizures on CA3 channel. Generalized seizures were defined both 
by seizure severity (Stage III, IV, or V) and electrographic seizures that synchronized 
on both local CA3 channel and motorcortex channel on EEG. Status epilepticus (SE) 
was defined as continuous seizures on EEG for more than 30 minutes. Discrete 
convulsive seizures occurred before the presence of SE. Seizure characteristics such 
as seizure number, latency, duration and inter-seizure interval were calculated, and 
seizure severity was scored. Interictal spikes (IS) were counted as IS rate (IS number/
min) in the session (90 min) in which the first seizure occurred. IS were detected with 
an offline custom made spike detection program and the IS rate was calculated on all 
three days. Statistical analysis was done with the aid of SPSS 15.0. Repeated-measures 
ANOVA was used to examine day and group effects on seizure parameters. If appropriate, 
post-hoc independent and dependent Student’s t-tests were further used.
2.9 Algorithm for IS detection
An offline spike detection algorithm was used only to detect IS. A spike on EEG was 
distinguished from the background activity with a pointed peak, amplitude at least 
twice the background activity and duration from 20 to 70 ms (Chatrian et al., 1974). 
Features of the normal background EEG such as mean (µ) and variance (σ2) of 
amplitudes were first extracted from the baseline EEG. The amplitude of the normal 
background EEG is considered to have a Gaussian distribution. For any given data 
point of signal in the subsequent recording after KA injection, the probability of its 
amplitude was computed as 
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Where f(x) is a probability density function for each data point x, µ is the mean 
amplitude and ó2 is the variance of the amplitude of the baseline EEG. When the 
variance of a given data point is higher than a certain cutoff threshold, it is considered 
as a spike. 
The cutoff threshold (T) in the algorithm is defined as
Where C represents a constant value that was empirically chosen. A range of C values 
were explored to find a proper threshold for each rat individually in order to obtain a 
mean specificity and sensitivity higher than 85% in spike detection (based on randomly 
selected piece of data for each rat, see one example in the supplemental Fig. 1).
3. Results 
Histology results showed that the stimulation electrodes were located outside the 
subiculum in five rats and therefore these rats were excluded from this study. For the 
rest of rats the cannula was located in the CA3 area of the hippocampus and the 
stimulation electrode was placed in the subiculum. In total, fifteen rats were included 
for data analysis in the stimulation (n=7) and sham group (n=8).
 Epileptic activities were induced after KA injection. It started with low-amplitude 
fast activities, increased gradually with amplitude and frequency, and finally 
developed into full-blown spike trains on the hippocampal channel, with or without 
generalization of the motor cortex channel (Fig. 1). 
Figure 1   an example of seizure event on EEG. 
Epileptiform activity started on the CA3 channel with increasing amplitudes and frequency, 
and developed into high voltage spikes. Epileptic activity also occurred on the motor cortex 
channel with a delay. HFS was given to the subiculum area at the beginning of the seizure.
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 Table 1 gives an overview of KA injections that the animals received on three 
days. On the first day, four rats of both groups reached SE. The number of injections 
did not differ in these two groups, nor did the SE percentage that day. On the second 
day, one rat of the HFS group did not develop convulsive seizures while two of the 
sham group did not display convulsive seizures. On the third day, two rats of both 
groups did not show generalized seizures. 
The parameters such as number, duration and latency of focal and generalized 
seizures were calculated for the three injection days (Table 2). For focal seizure 
number, a day effect (F (2, 26) =11.50, p<0.01) and interaction effect between day and 
group (F (2, 26) =7.63, p<0.01) were found. The number of focal seizures was 8.9 ± 1.7 in 
the HFS group and 25.1 ± 5.1 (mean ± SEM) in the sham group on Day 1: this difference 
was significant (t (13) =2.84, p<0.05) (Fig. 2). In addition, the number of focal seizures, 
Table 1   Severity of seizures after each injection (max. four) over three days
Sham
(n=8)
Day 1 Day 2 Day 3
1 2 3 4 1 2 3 4 1 2 3 4
1 V* V I I I I
2 II V V I V
3 II   V* I II II I I I I I
4 V V V
5 V* I I I I V*
6 V V V
7 V V V*
8 V* I V I I II V
HFS
(n=7)
Day 1 Day 2 Day 3
1 2 3 4 1 2 3 4 1 2 3 4
1 V V* V
2 I V V II V
3 I V* V* V
4 I V* I V I I I II
5 V* I I I I I I I I
6 V I V V
7 V* V V
Seizure severity: stage I to V according to Racine scale.  *: animal reached SE and received diazepam injection.
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independent of group, was less on Day 2 (t (14) =2.90, p<0.05) and Day 3 (t (14) =3.23, 
p<0.01) compared to Day 1.
 A logarithmic transformation was applied to the inter-seizure interval as it was 
not normally distributed. The inter- focal seizure interval (log) was 2.4 ± 0.1 s in the 
HFS group and 2.0 ± 0.1 s in the sham group on Day 1. Independent t test showed that 
the HFS group had a longer inter- focal seizure interval (t (13) =2.38, p<0.05) than the 
sham group. Considering the low number of seizures and that a few animals were no 
longer responsive to KA injections on Day 2 and 3, no further tests were done. 
The IS rate was calculated on three days for the two groups (Fig. 3). An overall group 
effect was found for the IS rate: it was lower in the HFS group (F (1, 13) =5.54, p<0.05) 
than in the sham group.  A day effect was also found (F (2, 26) =5.67, p<0.01) for IS rate. 
Post-hoc comparisons revealed that IS rate on Day 1 was higher than on Day 2 (p<0.05) 
and Day 3 (p<0.05). 
Figure 2 (top) and Figure 3 (bottom) represent the number of focal seizures (mean ± 
SEM) and the interictal spike (IS) rate (number/min) (mean ± SEM) after the first 
seizure occurrence on three days.
Note that the HFS group had less focal seizures on the first day. The IS rate was lower in the HFS 
group and it also decreased over injection days. The IS rate was defined as the number of 
spikes per minute. HFS: high frequency stimulation. *: p<0.05.
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Significant day effects were also found for the latency (F (2, 26) =6.94, p<0.01), duration 
of focal seizures (F (2, 26) =5.65, p<0.01) and duration of generalized seizures (F (2, 26) 
=19.41, p<0.01). Post-hoc t test showed less duration of focal (t (14) =2.27, p<0.05) and 
generalized seizures (t (14) =4.11, p<0.01), and longer latency of focal seizures (t (14) 
=2.95, p<0.05) on Day 2 compared to Day 1. Similarly, duration of focal seizures (t (14) 
=2.91, p<0.05) and generalized seizures (t (14) =5.38, p<0.01) were shorter, together 
with increased focal seizure latency (t (14) =3.65, p<0.01) on Day 3 compared to Day 1. 
4. Discussion 
Acute responsive HFS was applied to the subiculum on KA induced seizures in rats. 
The major outcomes were that: 1) Acute responsive HFS did not disrupt or shorten 
ongoing electrographic seizures. 2) The HFS group had less focal seizures and longer 
inter-seizure interval after the first seizure on Day 1. Lower IS rate was also found in 
the HFS group. 3) Sensitivity to KA injections decreased over injection days for both 
groups. 
 First of all, responsive HFS did not disrupt or shorten ongoing seizures in this KA 
induced seizure model. This result is in contrast to the effects of HFS on absence 
seizures. Two studies (Sarkisian et al., 1997; Vercueil et al., 1998) showed that bilateral 
HFS (130 Hz) of the subthalamic nucleus interrupted ongoing absence seizures. The 
discrepancy in the effects of responsive HFS in these two types of seizures are not 
surprising considering that temporal lobe epilepsy and absence epilepsy involve 
various neuronal networks, manifested with different etiologies, clinical profiles, 
treatment strategies and intensity - absences are characterized by mild seizures. On 
the other side, some in-vitro studies suggested that application of high frequency 
stimulation (100 Hz) or electric field (50 Hz sinusoid field) to the hippocampal slices 
could curtail the epileptiform activities such as interictal like activities (Bikson et al., 
2001) or ictal activities induced by low calcium, picrotoxin or high potassium (Lian et 
al., 2003; Su et al., 2008). However, to the best of our knowledge, no in-vivo study has 
reported a complete abortion of seizure activities by acute stimulation on temporal 
lobe seizure or epilepsy models.  
 Meanwhile, our results suggest that responsive HFS of the subiculum had 
anticonvulsant effects on the first day in terms of less focal seizures and a longer 
inter- focal seizure interval. These results are in line with the preliminary findings in 
Nair et al. study (2006) in which decreased seizure frequency and increased free 
seizure period were found after acute hippocampal stimulation in the SE model. The 
subiculum is known as the principal output structure for the hippocampus formation. 
One feature of the subiculum is the presence of bursting cells that fire bursts of action 
potentials in response to single orthodromic stimulation (Stewart and Wong, 1993). 
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Moreover, like the CA3 area, the subiculum possesses a certain density of recurrent 
excitatory connections, which are crucial for the generation of synchronized activity 
(Heinemann, 1987). Such intrinsic cellular and network properties of the subiculum 
render it a seizure-prone area. Neurophysiological evidence in human and 
experimental animal models further support the hyperexcitability of the subiculum. 
Spontaneous rhythmic activities were found in the subiculum in brain slices of TLE 
patients with or without hippocampal sclerosis (Cohen, Navarro et al. 2002; Wozny, 
Kivi et al. 2003), resembling the epileptiformic activities observed in EEG of TLE 
patients. Similar interictal or ictal-like activities were also generated in the isolated 
subiculum in in-vitro rat models of TLE (Behr and Heinemann, 1996; Menendez de la 
Prida and Gal, 2004). Taken together, the intrinsic properties of the subiculum and 
evidence on electrophysiological studies favor the hypothesis that the subiculum is 
prone to synchronous activity and involved in seizure generation. 
 It is necessary to point out that some small anatomical and physiological circuits 
were found such as presubiculum-subiculum (Funahashi et al., 1999) and subiculum-CA1 
(Harris and Stewart, 2001) as a result of re-entrant activity. These small regional 
circuits facilitate synchronization of various areas within the hippocampal network 
and thus amply seizure activities. The stimulation of the subiculum can activate these 
re-entrant pathways to further act on their downstream structures, therefore 
influence seizure initiation.
 Meanwhile, interictal spikes were also suppressed by responsive HFS. Previous 
studies in patients also showed that IS were reduced by HFS (Boex et al., 2007; Velasco 
et al., 2000a). Despite it remains questionable whether the rate of IS is a valid 
measurement of epileptogenic activities (Gotman and Marciani, 1985; Katz et al., 
1991), the presence of IS is believed to be highly associated with epilepsy and they 
could indicate the occurrence of upcoming ictal events. IS rate is also used as an 
important criterion to assess the efficacy of DBS in acute stimulation in TLE patients 
(Boon, et al. 2007). Although the exact mechanism remains largely unknown, IS are 
thought to represent the extracellular synchronous and excessive discharge of 
neuronal ensembles (Nakagawa and Durand, 1991; Warren and Durand, 1998). It is, 
therefore, assumed that HFS suppresses these synchronous discharges. 
 It is also noted that the effects of acute responsive HFS on focal seizure were 
found only on Day 1, indicating that HFS reduced excitability of the local network 
temporarily. A study of chronic stimulation (Wyckhuys et al., 2010b) has also found 
that seizure frequency returned to the baseline level after termination of Poisson 
distributed HFS. On the other hand, around half of the rats reached SE at the end of 
recording on Day1 and received injection of diazepam in order to control seizure 
severity. Thus, it is also possible that the occurrence of SE, injection of diazepam or 
both might be confounding factors, masking, if any, the effect of acute responsive 
HFS on the subsequent days. 
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 The last, a reduction of sensitivity to KA injection was found over injection days. 
Such tolerance to the effects of KA was reported on the developing brain of rats 
(Holmes and Thompson, 1988b; Sarkisian et al., 1997). Previous studies have shown 
that different stimuli including KA, kindling, and spontaneous seizures can precondition 
the brain and may protect against subsequent seizures (Kelly and McIntyre, 1994; 
Najm et al., 1998; Plamondon et al., 1999; Sasahira et al., 1995). Severe epileptic 
conditions such as SE could provoke an intrinsic anticonvulsant mechanism, resulting 
in seizure insensitivity to subsequent injections when given 48h later.
5. Conclusion
Responsive HFS of the subiculum suppressed focal seizures and IS without interrupting 
ongoing seizures in this acute seizure model. Such anticonvulsant effects of acute 
subicular stimulation indicate that the subiculum is involved in seizure generation. 
The reduction of seizure sensitivity over the injection days might reflect an intrinsic 
anticonvulsant mechanism.
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Abstract
Background: Responsive stimulation is a promising and newly emerging treatment 
for refractory temporal lobe epilepsy in which current is delivered to target areas 
dependent of occurrence of seizures.
Objective: We compared responsive and scheduled subicular high frequency 
stimulation (HFS) with a sham control group on acute seizures and seizure sensitivity 
two weeks later. We also investigated the role of status epilepticus (SE) on efficacy of 
both types of stimulation. 
Method: Adult Wistar rats received kainic acid (KA) injections intrahippocampally 
until they reached Stage V (Racine scale) on Day 1. Responsive, scheduled or sham HFS 
(125 Hz, 100 µs) were delivered in three groups while EEG was recorded. All rats 
received KA injections again on Day 15 to measure the excitability of animals to KA, 
again with EEG monitoring.  
Results: All rats reached Stage V and 60% reached SE on Day 1. Focal seizures were 
suppressed in both stimulated groups (the scheduled group was slightly more 
effective) on both days in only non-SE rats. Similar stimulation effects were found on 
generalized seizures but mainly on Day 15. 
Conclusion: Both types of subicular HFS suppressed focal and generalized seizures, 
albeit differently. Scheduled stimulation seemed a bit more effective, and the amount 
of stimulation might be a factor that influences the differences between the 
stimulated groups. Beneficial effects of HFS were restricted to non-SE rats and HFS 
did not suppress or even worsen seizures in SE rats. 
Key words: deep brain stimulation, responsive stimulation, temporal lobe epilepsy, 
subiculum
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1. Introduction 
Epilepsy is a common chronic neurological disorder that afflicts 0.5-1% of the world’s 
population (Hauser et al., 1993). More than one third of patients still have uncontrolled 
seizures even after the administration of antiepileptic drugs (Kwan and Brodie, 2000). 
Although temporal resection is a putative treatment option, patients with multiple 
foci or generalized seizures are not proper surgery candidates. Electrical stimulation 
of deep structures in the brain (DBS) is emerging as an alternative treatment for 
patients with refractory epilepsy such as temporal lobe epilepsy (TLE). DBS is 
reversible, less invasive and has fewer complications compared to resective surgery, 
offering a promising option for some of these patients.  
1.1 Scheduled and responsive stimulation
DBS is conventionally delivered in a scheduled manner, that is, stimulation delivered 
according to a predefined protocol, independent of the neurophysiologic state of the 
brain. Scheduled stimulation has been delivered to a variety of brain areas such as the 
anterior nucleus of the thalamus (ANT) (Fisher et al., 2010; Hodaie et al., 2002; 
Kerrigan et al., 2004; Lado et al., 2003; Lim et al., 2007; Osorio et al., 2007), cerebellum 
(Cooper et al., 1973), and hippocampus (Boon et al., 2007; Tellez-Zenteno et al., 2006; 
Velasco et al., 2000a; Velasco et al., 2001; Velasco et al., 2000b; Vonck et al., 2002). 
In contrast, responsive stimulation refers to stimulation that is delivered directly in 
response to electrographic epileptic activities. Responsive stimulation can target 
seizure dynamics with higher temporal specificity and saves battery power for 
implanted stimulation devices (Sunderam et al., 2010). Experimental studies showed 
that afterdischarges were terminated or shortened in patients who received 
responsive cortical stimulation (Kossoff et al., 2004; Lesser et al., 1999; Motamedi et 
al., 2002). Spontaneous seizure frequency was found to be reduced by high frequency 
responsive stimulation to the epileptogenic zone or to the ANT in each of four patients 
with inoperable TLE (Osorio et al., 2005). Recently, an implantable responsive device, 
the RNS system (NeuroPace, Inc., Mountain View, California) has been developed. 
This device can provide early seizure detection and delivery of responsive stimulation. 
The safety and efficacy of this system have been assessed in a multicenter, double-
blinded, randomized study as an adjunctive therapy in patients with medically 
refractory epilepsy (Morrell, 2011). However, the quest for better seizure control has 
just begun. 
1.2 Subiculum
The subiculum can be considered as a potential target for DBS. The subiculum is 
connected with the hippocampal and extra-hippocampal circuitry: it receives fibers 
mainly from the CA1 field and projects to the entorhinal cortex (EC), and then to other 
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cortical and subcortical structures (O’Mara, 2005). Spontaneous rhythmic activity 
has been found in the isolated subiculum in slices from human brain tissue (Cohen et 
al., 2002; Wozny et al., 2003). It was also found that the subiculum was hyperexcitable 
when activated by CA1 or EC inputs in slices of pilocarpine treated rats (de Guzman et 
al., 2006). Zhong and colleagues (2012) reported that low frequency stimulation (LFS) 
of the subiculum decreased seizure severity stages and shortened afterdischarges in 
kindling acquisition and that spontaneous seizures were completely aborted by 
subicular LFS in pilocarpine treated rats. We reported recently that responsive high 
frequency stimulation (HFS) to the subiculum suppressed focal seizures in a kainic 
acid (KA) induced seizure model in rats (Huang and van Luijtelaar, 2012b): fewer focal 
seizures and interictal spikes, and longer inter-seizure intervals (ISI).
1.3 Status epilepticus
Status epilepticus (SE) is defined as a state of continuous or recurrent seizures for 
more than 30 minutes with incomplete or little recovery between seizures (Gaitanis 
and Drislane, 2003; Lowenstein et al., 1999; Mitchell, 2002). Clinical observation and 
animal studies have indicated that subjects became less responsive to anti-epileptic 
drugs over time after SE (Jones et al., 2002; Treiman et al., 1990; Wang et al., 2009). 
Despite a long history of application of neurostimulation in epilepsy treatment, there 
is little experience with its use in SE.  Although a single study reported that DBS of the 
ANT could delay the occurrence of SE (Hamani et al., 2009), it remains largely 
unknown whether DBS is effective for the treatment of SE.  
 An acute seizure model was used in our previous study (Huang and van Luijtelaar, 
2012b) where seizures were induced by repeated injections of KA into the hippocampal 
CA3 area (maximally four times per day, with a two-day interval).  With that model, a 
high seizure rate (10-18/hour) was obtained on the first day (with 60% of the rats 
reached SE). This was followed by a reduced sensitivity to KA injections on the 
subsequent days (48 hours later), indicating an intrinsic anticonvulsant mechanism of 
the brain. In the present study, a similar model was used but with a lower dose of KA 
and a longer inter-injection interval (two weeks).  The inter-injection interval might 
be crucial for the sensitivity of animals to subsequent KA injections as spontaneous 
seizures may develop (epileptogenesis) after a silent period of several weeks. In the 
present study, animals received KA administration and subicular stimulation (sham, 
scheduled or responsive) on Day 1. Two weeks later animals were recorded with 
24-hour EEG and then received KA injection again in order to investigate whether 
sensitivity to KA on focal and generalized seizures was different after receiving 
different types of stimulation. In addition, the effects of stimulation in both SE and 
non-SE rats over time could be compared. 
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2. Materials and methods
2.1 Animals
Male Wistar rats, weighing 303 ± 37 g, were bred and raised at the Biological 
Psychology Department, Radboud University Nijmegen. The rats were housed under 
controlled temperature (20 °C, relative humidity 50~70%), with ad libitum access to 
food and water, and light conditions (12 hour light/dark cycle with lights on at 8:00 
A.M.), as seizure occurrence was higher during the light than during the dark period 
(Raedt et al., 2009). The local medical-ethical committee of Radboud University 
Nijmegen (RU-DEC) approved all procedures on animal experimentation of this study. 
Efforts were taken to alleviate discomfort and reduce the number of animals in the 
study as much as possible. 
2.2 Surgery
The rats were anesthetized with isoflurane inhalation and fixed in a stereotaxic frame. 
At the start of surgery atropine sulfate was given to reduce saliva secretion (0.1 ml, 
i.m.) and the analgesic Rimadyl (4 mg/kg, s.c.) was administered. Body temperature 
was monitored and maintained at 37 °C with a heating pad throughout surgery. A 
cannula-bipolar electrode complex (C315G-MS303/2, Plastics One, Roanoke, VA, USA) 
was placed in the CA3 area (AP: -5.6 mm, ML: -4.8 mm, DV: 5.0 mm). The cannula- 
electrode complex is capable of delivering KA injection via the cannula and record the 
areas adjacent to the injection site at the same time. One tripolar electrode set 
(MS222/2a, Plastics One, Roanoke, VA, USA) was located on the left hemisphere with 
the frontal wire targeting the motor cortex and the other two wires targeting the 
cerebellum; the latter served as the reference and ground electrode. The other 
tripolar electrode was located in the subiculum of the right hemisphere (AP: -5.6 mm; 
ML: -2.2 mm; D: 3.2 mm) with one wire serving as an active recording electrode and 
the other two as stimulation electrodes. The cannula-electrode complex, tripolar 
electrodes and several screws were attached to the skull with dental acrylic cement. 
After surgery, the animals were housed individually and were allowed to recover for 
2 weeks. After that, the experimenter handled the animals 5 minutes per day.
2.3 EEG/Video monitoring and stimulation set up
Two days before EEG recording, the animals were placed in a Plexiglas recording cage 
(30 × 25 cm, high 35 cm) in a noise-isolated experimental chamber. The rats were 
connected to the recording and stimulation leads in order to habituate to the 
recording system. The leads were connected to a swivel contact that enabled the 
animals to move freely. EEG signals were fed into a multi-channel differential amplifier, 
amplified (5000), band-pass (1-500 Hz) and notch filtered (50 Hz). The signal output 
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was sampled at 512 Hz and digitized with a WINDAQ/Pro data acquisition system in 
combination with a DI410-interface (DATAQ Instruments 2.49, Akron, OH, USA). The 
stimulation leads were connected to a programmed stimulator (made by Electronic 
Research Group, Radboud University Nijmegen) that can deliver scheduled and 
responsive stimulation. Video was captured with a camera placed in the chamber and 
recorded with the aid of the Observer® (Noldus Information Technology BV, 
Wageningen, The Netherlands). 
 The rats were randomly assigned into three groups: responsive stimulation (RS) 
group (n=12), scheduled stimulation (SS) group (n=12) and sham control (SC) group 
(n=12).
2.4 Microinjection of KA 
After one-hour baseline EEG recording, the animals received an injection of 0.01 µg 
KA (Ascent Scientific Ltd, U.K.) and then were monitored with EEG and video for 1.5 
hour. KA injections were repeated every 1.5 hour until the rats reached Stage V, 
Racine’s scale (Racine, 1972), that is, animals displayed convulsive seizures (bilateral 
myoclonus, tonic-myoclonus, rearing and falling). The number of injections within 
one day was restricted to four. When the animals showed convulsive SE for more than 
half an hour, diazepam was administered (5 mg/kg, i.p.) to control seizure severity. On 
Day 14, all animals were monitored for 24 hours with EEG recording for the presence 
of spontaneous seizures. The KA administration protocol was repeated on Day 15.
 During each injection, an injection needle was connected via tube to a 1µl 
Hamilton syringe (Bonaduz, Switzerland) and was lowered into the guide cannula. The 
length of the injection needle was predetermined, and the distance between the 
needle tip and the cannula tip was 0.5 mm. An amount of 0.1 µl KA (0.01 µg/0.1 µl; 0.1 
µl/min) was injected from the syringe, and then the needle was left in the cannula for 
another minute. Afterward, the needle was removed, and a dummy cannula was used 
to close the cannula. 
2.5 HFS
HFS was delivered at 125 Hz, bipolar, biphasic, square wave with a width of 100 µs. 
The stimulation intensity was determined for each rat before the first KA injection. 
Starting with 100 µA, the intensity was step-wisely increased by 100 µA until motor 
effects (twitching, head nodding, rearing etc.) or EEG abnormalities were observed. 
Then the intensity was reduced by 100 µA and was kept at that level for the rest of the 
experiment. HFS parameters and the protocol to determine stimulation intensity 
were similar to what was used in previous studies (Velasco, et al. 2000a, Velasco, et 
al. 2001, Velasco, et al. 2000b, Vonck, et al. 2002). In the responsive stimulation 
group, the digitized signal was also connected to a previously developed and validated 
automatic seizure detection program (Huang and van Luijtelaar, 2011). When the 
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program detected a seizure, it triggered the stimulator to deliver stimulation to the 
animals until the seizure was over. In the scheduled stimulation group, all rats received 
continuous stimulation. The stimulation session lasted overnight (around 15 hours) 
after KA injections. The sham control group did not receive any stimulation during 
recording.
2.6 Histology
At the end of the experiment, the animals were anesthetized with sodium 
pentobarbital (60 mg/kg, i.p.) and later a DC current (25 mA, 15 sec) was delivered 
through the electrodes to create a lesion around the electrode tips. Afterward, the 
animals were perfused transcardially with 2% potassium ferrocyanide in a solution of 
4% formaldehyde in 0.04 M phosphate buffer (PH=7.3). The brains were removed and 
post-fixed in the same solution overnight at 4 °C. After post-fixation, the brains were 
placed into a 30% sucrose solution and remained there until they sank 3 or 4 days 
later. Then coronal sections (60-80 µm) were cut by a microtome (HM 440E, Waldorf, 
Germany) and the slices containing the track of the cannula and electrodes were 
stained with Cresyl violet or NeuN staining (for protocol see Supplemental Materials). 
In the end, the slices were examined under a light microscope to verify the positions 
of the cannula and electrodes using the atlas of the rat brain (Paxinos and Watson, 
1998). The NeuN stained slices were qualitatively analyzed to examine whether there 
are differences between different stimulation groups and between SE/non-SE rats.
2.7 Data Analysis 
The recording EEG was reviewed with the WINDAQ/Pro browser. Seizure characteris-
tics such as seizure number, latency, duration and inter-seizure interval (ISI) were 
calculated, and seizure intensity was scored. The start point of a seizure was defined 
as when the amplitude of the spikes in a spike train was twice the baseline. Racine 
score (1972) was used to classify the intensity of behavioral seizures. Generalized 
seizures were defined by the intensity at Stage III (unilateral myoclonus or tonic 
myoclonus), IV (bilateral myoclonus or tonic-myoclonic behavior), and V (rearing and 
falling). Status epilepticus (SE) was defined as continuous seizures with little or no 
recovery between seizures on EEG for more than 30 minutes. Discrete convulsive 
seizures occurred before the presence of SE. 
 Statistical analysis was done in SPSS 15.0. Repeated-measures ANOVA was used 
to examine day, group and SE (whether animals reached SE on Day 1 or not) on seizure 
parameters (day as within-subject factor, group and SE as between-subject factor). 
Given the small number for subgroups such as SE/non-SE rats, effect size (Eta2) was 
additionally considered evaluating the outcomes of the statistical tests. If p<0.1 and 
Eta2>0.2, the outcome was still considered as significant considering that Eta2>0.2 
can be considered as a large effect size. Post-hoc tests with Helmert contrast were 
120 | Chapter 6
chosen to reveal the difference between two stimulated groups and the sham control 
group (SS+RS vs. SC) as well as the difference between the two stimulated groups (RS 
vs. SS). If appropriate, post-hoc ANOVA’s for single days and independent and 
dependent Student’s t-tests were further used to compare SE and non-SE rats or 
different days.
3. Results 
After histology analysis a total of 29 rats were included for the three groups: the RS 
(n=10), SS (n=10), and SC group (n=9). In these rats, the cannula-electrode complex 
was located in the CA3 area of the hippocampus, and the stimulation electrodes were 
placed in the subiculum (Fig 1). The NeuN staining (n=10) did not show consistent 
morphological changes in various subareas such as CA1, CA3, DG and subiculum in the 
ipsilateral and contralateral hippocampus between different stimulation groups and 
severity groups (SE/non-SE rats). 
 The number of KA injections did not differ between the groups: 2.1 ± 0.4 (mean ± 
SEM), 1.5 ± 0.2, 1.7 ± 0.2 for the SC, RS, SS group respectively on Day 1 and 2.1 ± 0.4, 1.5 
± 0.2, 1.8 ± 0.2 on Day 15. All rats reached Stage V and six rats in each group reached 
SE on Day 1. One rat in the SS and one in the SC group did not show convulsive seizures 
on Day 15. None of the rats showed spontaneous seizures on Day 14. Table 1(A-D) 
summarized the different seizure parameters such as number, latency, inter-seizure 
interval (ISI) and duration for the two injection days. 
3.1 Focal seizures 
Seizure number: The rats had fewer seizures on Day 15 than on Day 1 (F (1, 23) =11.94, 
p<0.01); SE rats had more seizures than non-SE rats (F (1, 23) =7.76, p<0.05) (Fig 2A). No 
interaction or group effects were found. 
 Seizure Latency: There was no day effect. SE rats have a shorter latency than 
non-SE rats (F (1, 23) =8.00, p<0.05); the interaction (F (2, 23) =5.93, p<0.01) between SE 
and group meant that the effects of different types of stimulation were different for 
non-SE and SE rats. Post-hoc tests for non-SE rats (n=11) showed that both stimulated 
groups had a longer latency (p<0.01) than the sham group and that the SS group had 
longer latency than the RS group (p<0.05) (Fig 2B).  No group difference was found in 
SE rats. 
 ISI: There was no day effect. SE rats had a shorter ISI than non-SE rats (F (1, 23) 
=11.04, p<0.01); an interaction between SE and group (F (2, 23) =4.49, p<0.05) was 
found. Post-hoc tests showed that SE rats had shorter ISI than non-SE rats in the SS 
group (t (8) =4.56, p<0.01) and that both stimulated groups had a longer ISI (p=0.08) 
than the sham group for non-SE rats alone (Fig 2C). No further difference was found 
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Figure 1   illustrates positions of the cannula-electrode complex and stimulation 
electrode.
A and B: Schematic positions of the stimulation electrode (dotted arrow, A) and the cannula- 
electrode complex (B) according to the rat brain atlas (Paxinos and Watson, 1998). The hatched 
area indicated the region caused by mechanical lesion from the tip of the cannula and 
neurochemical damage from the repeated injections of KA. C and D: Examples of histological 
identification of locations of the stimulation electrode (C) and cannula-electrode complex (D) 
with cresyl violet staining. The dotted arrow indicates the stimulation electrode tip in the 
subiculum of the hippocampus and the solid arrow indicates the tip of the cannula-electrode 
complex.
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Table 1A-D   Number, duration, inter-seizure interval (ISI) and latency (mean ± SEM) 
of focal and generalized seizures in three groups
Table 1A
Number
Focal seizures Generalized seizures
D1 D15 D1 D15
SC
(n=9)
SE (n=6) 9.9 ± 2.4 8.6 ± 2.3 1.7 ± 0.4 1.9 ± 0.6
non-SE (n=3) 7.5 ± 1.7 4.1 ± 1.7 0.6 ± 0.2 1.6 ± 0.5
RS
(n=10)
SE (n=6) 8.8 ± 1.7 5.0 ± 1.3 1.9 ± 0.3 2.6 ± 0.5
non-SE (n=4) 5.4 ± 1.9 4.6 ± 1.4 1.4 ± 0.6 2.1 ± 0.6
SS
(n=10)
SE (n=6) 10.7 ± 2.0 6.0 ± 1.2 1.7 ± 0.2 2.8 ± 0.9
non-SE (n=4) 9.6 ± 2.9 0.4 ± 0.4 1.5 ± 0.3 0.5 ± 0.3
Table 1B
Latency (s)
Focal seizures Generalized seizures
D1 D15 D1 D15
SC
(n=9)
SE (n=6) 1615 ± 552 1992 ± 858 2841 ± 631 2448 ± 810
non-SE (n=3) 980 ± 740 1419 ± 1185 4085 ± 139 1995 ± 978
RS
(n=10)
SE (n=6) 374 ± 172 1882 ± 810 1449 ± 474 1609 ±477
non-SE (n=4) 2160 ± 1390 2317 ± 1138 3380 ± 1446 3735 ± 600
SS
(n=10)
SE (n=6) 1172 ± 193 739 ± 300 2119 ± 462 854 ± 179
non-SE (n=4) 2051 ± 768 4721 ± 679 4004 ± 162 4436 ± 584
Table 1C
ISI (s)
Focal seizures Generalized seizures
D1 D15 D1 D 15
SC
(n=9)
SE (n=6) 1519 ± 614 2200 ± 959 1705 ± 496 2701 ± 798
non-SE (n=3) 1531 ± 721 1793 ± 1143 4564 ± 252 2359 ± 1066
RS
(n=10)
SE (n=6) 555 ± 411 1811 ± 822 1018 ± 507 1768 ± 537
non-SE (n=4) 2429 ± 904 2695 ± 1037 3174 ± 1059 4405 ± 579
SS
(n=10)
SE (n=6) 769 ± 576 855 ± 847 2537 ± 763 1987 ± 992
non-SE (n=4) 1896 ± 895 5159 ± 241 1604 ± 854 4690 ± 411
Table 1D
Duration (s)
Focal seizures Generalized seizures
D1 D15 D1 D15
SC
(n=9)
SE (n=6) 28 ± 2 18 ± 4 70 ± 12 42 ± 14
non-SE (n=3) 34 ± 9 41 ± 13 50 ± 6 81 ± 23
RS
(n=10)
SE (n=6) 37 ± 7 27 ± 8 90 ± 14 129 ± 51
non-SE (n=4) 33 ± 2 26 ± 9 58 ± 7 21 ± 14
SS
(n=10)
SE (n=6) 45 ± 9 34 ± 4 103 ± 13 90 ± 9
non-SE (n=4) 36 ± 9 6 ± 7 70 ± 23 15 ± 9
SC: sham control; RS: responsive stimulation; SS: scheduled stimulation. SE: status epilepticus. D1: day 1; 
D15: day 15.
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between two stimulated groups in non-SE rats. No group difference was found in SE 
rats.
 Seizure Duration: The rats had shorter seizures on Day 15 than on Day 1 (F (1, 23) 
=4.33, p<0.05); an interaction between SE and group (F (2, 23) =8.17, p<0.01) was found 
as well. Post-hoc tests showed that both stimulated groups had shorter seizure 
duration in non-SE rats (p<0.05) but longer seizure duration (p<0.05) in SE rats, both 
compared to the sham group (Fig 2D). The two stimulated groups did not differ from 
each other in both non-SE and SE rats. Seizures lasted longer in SE rats than non-SE 
rats both in the SC (t (7) =3.56, p<0.01) and the SS group (t (8) =2.46, p<0.05). 
3.2 Generalized seizures
Seizure number: SE rats showed more seizures than non-SE rats (F (1, 23) =5.68, p<0.05); 
an interaction between group, day and SE (F (2, 23) =2.68, p=0.09, Eta2=0.19) indicates 
that the effects of various types of stimulation tended to be different for non-SE and 
SE rats on different days. Post-hoc tests showed that the SS group had fewer seizures 
than the RS group (p<0.05) on Day 15 for non-SE rats only (Fig. 3A). No group difference 
was found in non-SE rats on Day 1, neither in SE rats on both days. For the SC group, 
SE rats had more generalized seizures than non-SE rats (t (7) =2.61, p<0.05) on Day 1.
 Seizure Latency: SE rats had shorter latency than non-SE rats (F (1, 23) =26.89, 
p<0.01); an interaction between SE and group was found (F (1, 23) =4.15, p<0.05). 
Post-hoc tests showed that both stimulated groups had a longer latency in non-SE 
rats (p=0.07) but a shorter latency (p<0.05) in SE rats (Fig 3B). No further difference 
was found between the RS and SS groups in both SE and non-SE rats. SE rats had 
shorter latency than non-SE rats for the RS (t (8) =3.70, p<0.01) and SS group (t (8) 
=7.03, p<0.01). 
 ISI: Shorter ISI was found for SE rats compared to non-SE rats (F (1, 23) =14.47, 
p<0.01). An interaction between group, day and SE (F (2, 23) =3.84, p<0.05) was found 
as well. Post-hoc tests showed that both stimulated groups had a longer ISI than the 
sham group (p<0.05) on Day 15 for non-SE rats (Fig 2C). No difference was further 
found between two stimulated groups. No group difference was found in non-SE rats 
on Day 1, neither in SE rats on both days. SE rats had a shorter ISI than non-SE rats for 
the RS (t (8) =3.22, p<0.05) and SS group (t (8) =2.52, p<0.05) on Day 15. 
 Duration: Seizures lasted longer in SE than in non-SE rats (F (1, 23) =6.21, p<0.05); 
an interaction between group, day and SE (F (2, 23) =2.94, p=0.07, Eta2=0.20) was 
found. Post-hoc tests showed that both stimulated groups had shorter seizure 
duration (p<0.01) than the sham group for non-SE rats on Day 15 only (Fig 2D) and that 
the two stimulated groups did not differ from each other. No group difference was 
found in non-SE rats in Day 1, neither in SE rats on both days. Seizures of the SS group 
on Day 15 lasted longer (t (8) =5.40, p<0.01) for SE than for non-SE rats.
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3.3 Duration of stimulation
The stimulation duration was different in the two stimulated groups: in the RS group 
SE rats received longer stimulation (1.3 ± 0.7 hr) than non-SE rats (0.2 ± 0.0 hr); it was 
much less for in the SS groups for both SE and non-SE rats (15.0 ± 0.0 hr). When the 
stimulation duration was included as covariate in repeated-measures ANOVA, group 
difference was gone in non-SE rats for all focal seizure parameters and generalized 
seizure number and latency. 
Figure 2A-D   represent the number, latency, ISI and duration (mean ± SEM) 
respectively of focal seizures in the three groups for rats that reached 
Status Epilepticus (SE) and rats that did not reach SE (non-SE).
Both stimulated groups (RS and SS) had a longer latency and ISI and shorter seizure duration 
than the sham control group for non-SE rats only. For non-SE rats, the SS group had a longer 
latency than the RS group. For SE rats, both stimulated group had longer seizure duration than 
the sham control group. SC: sham control; RS: responsive stimulation; SS: scheduled stimulation. 
*: p<0.01, **: p≤0.05, ***: p≤0.01.
A
C
B
D
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Figure 3A-D   represents the number, latency, ISI and duration of generalized 
seizures (mean ± SEM) in the three groups for SE and non-SE rats on 
Day 1 and Day 15.
For non-SE rats, both stimulated group had longer ISI and shorter duration than the sham 
control group on Day 15. The SS group had less generalized seizures than the RS group on Day 
15 for non-SE rats only. For non-SE rats, both stimulated group had longer latency than the 
sham control group. In contrast, for SE rats both stimulated group had shorter latency than the 
sham control group. SC: sham control; RS: responsive stimulation; SS: scheduled stimulation. *: 
p<0.01, **: p≤0.05, ***: p≤0.01.
A
C
B
D
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4. Discussion 
HFS was applied acutely to the subiculum in a seizure model of TLE in rats. The major 
outcomes of the effects of HFS were rather different for SE and non-SE rats, for focal 
and generalized seizures, for seizures induced on Day 1 and Day 15. The effects of KA 
were also different from previously described.   
1)  Acute HFS was not effective or even worsened seizures in SE rats whereas it was 
effective in non-SE rats. 
2)  Generalized seizures were mainly affected two weeks after stimulation. In 
contrast, focal seizures were immediately affected by HFS. Such effects on focal 
seizures persisted over time. 
3)  Both scheduled and responsive stimulation showed anti-epileptic effects. 
Scheduled stimulation was more effective in terms of focal seizure latency and 
generalized seizure number.
4)  Animals did not show a reduction of sensitivity to KA injections over time except 
for focal seizure number and duration. 
4.1 Effects of HFS on focal seizures
The acute anticonvulsant effects of responsive HFS in the subiculum have been 
reported by us in an acute seizure model of TLE (Huang and van Luijtelaar, 2012b). In 
another study (Wyckhuys et al., 2010b), Poisson distributed HFS was delivered 
continuously for ten days in the hippocampus in a kainate induced SE model of TLE. 
They found that seizure number returned to the baseline level after termination of 
stimulation, indicating that HFS reduced excitability of the local network temporarily. 
Meanwhile, Zhong and coworkers (Zhong et al., 2012) have reported that spontaneous 
seizures were completely aborted by subicular LFS in a  pilocarpine-induced SE model. 
Moreover, LFS of the subiculum in fully kindled rats had a wider time-window than 
stimulation of other targets such as amygdala or entorhinal cortex (Wang et al., 2008; 
Wu et al., 2008; Xu et al., 2010). Our results are consistent with these studies, showing 
that the antiepileptic effects of subicular stimulation persisted over time besides the 
immediate suppression of focal seizures. 
 The subiculum possesses a certain density of recurrent excitatory connections 
(Heinemann, 1987); it also forms some small circuits such as presubiculum-subiculum 
(Funahashi et al., 1999) and subiculum-CA1 (Harris and Stewart, 2001) which serve as 
re-entrant pathways. Such anatomical and network properties render the subiculum 
prone to synchronized activities. The outcomes of this study suggest that the 
stimulation of the subiculum could reduce the excitability of the local network 
temporarily but also induce some functional changes within the hippocampal 
network, resulting in a lasting effect which might point towards neuroplasticity.
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4.2 Effects of HFS on generalized seizures
On the other side, HFS suppressed generalized seizures only two weeks after 
stimulation (for non-SE rats only), suggesting that different mechanisms underlie 
stimulation mediated effects on focal and generalized seizures. 
 The subiculum projects via the EC further to a variety of areas such as the 
perirhinal cortex (Deacon et al., 1983; Swanson et al., 1978), amygdala (Canteras and 
Swanson, 1992) and thalamus (Witter et al., 1990), serving as a gate regulating the 
output of hippocampal network to these extra-hippocampal areas. Benini and Avoli 
(2005) demonstrated in hippocampal slices that blockade of GABAergic receptors 
resulted in hyperexcitability in the subiculum and subsequently intra-limbic synchro-
nization, indicating that the subiculum plays an important gating role on the 
hippocampal network via GABAergic receptors. Given its special anatomical position, 
the subiculum might be involved in the propagation of seizures from the focus to 
other areas outside the hippocampus, that is, generalization of seizures. Our study 
showed that subicular stimulation inhibited propagation of seizures with a delay 
rather than in the acute phase, reflecting functional changes mediated by stimulation 
on seizure propagation pathways.
4.3 Stimulation in SE vs. non-SE rats
It is striking that all suppressive effects of stimulation were observed only in non-SE 
rats. In contrast, stimulation could worsen seizures in SE rats in terms of longer focal 
seizure duration and shorter generalized seizure latency. Although neurostimulation 
has been used in the treatment of epilepsy, it is not so clear how it works in the 
condition of SE (Walker, 2011). The use of electroconvulsive therapy (ECT) in human 
has been reported with successful efficacy on established SE in six out of seven 
studies (Carrasco Gonzalez et al., 1997; Cline and Roos, 2007; Griesemer et al., 1997; 
Kamel et al., 2010; Lisanby et al., 2001) as well as application of transcranial magnetic 
stimulation in the treatment of partial SE (Rotenberg et al., 2009).  However, the use 
of DBS on SE was not directly reported but rather mentioned in the discussion 
(Robakis and Hirsch, 2006). A single animal study (Hamani et al., 2009) has suggested 
that HFS of the anterior thalamic nucleus (ANT) could increase seizure threshold and 
delay the occurrence of SE after the administration of pilocarpine but did not 
terminate established SE, indicating different mechanisms underlying induction and 
maintenance of SE.
 Indeed SE could become self-sustaining after continuous seizures for half an hour 
(Mazarati et al., 1998), as in SE rats of our study. Such self-sustaining or established SE 
is hypothesized to be followed by a cascade of reactions ranging from opening or 
closure of ionic channels, release of neurotransmitter, receptor desensitization, 
plastic changes in neuropeptide modulators, to changes in gene expression (Chen and 
Wasterlain, 2006) in different time scales. Some in-vitro studies demonstrated 
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endocytosis of GABAA receptors (Naylor et al., 2005) and accumulation of intracellular 
chloride (Kaila and Voipio, 1987; Staley et al., 1995) during the transition from single 
seizures to SE (after 1 hour SE induction), resulting in loss of GABA-mediated inhibition. 
SE could further induce epileptogenesis with development of time in animal models 
of TLE. Therefore, in the case of established SE subicular stimulation is less likely to 
achieve therapeutic effects. Our study is, to our best of knowledge, the first 
demonstrating that HFS did not improve, and could even worsen established SE. This 
outcome, despite that they are obtained in a seizure model, calls for caution of 
application of HFS in established phase of SE for epilepsy patients.
4.4 Responsive vs. scheduled stimulation
One purpose of the study was to compare the effects of responsive and scheduled 
stimulation on KA induced seizures. So far, only a few studies have investigated the 
effects of both types of stimulation. Good and colleagues (2009) delivered both types 
of stimulation to the centromedial thalamus in the SE model of TLE in rats. Each 
animal received baseline recording to measure mean frequency of spontaneous 
seizures and then received responsive stimulation daily for one week, a post-respon-
sive stimulation period and then scheduled stimulation with the same amount of 
stimulation. The responsive stimulation period showed a reduction of seizure 
frequency and duration in 5 out of 6 rats with 2 rats with >50% reduction of seizure 
frequency. The scheduled stimulation period showed incongruent results: increase of 
seizure frequency in 3 rats and decrease in 3 rats, favoring responsive stimulation 
over scheduled stimulation. Recently, responsive low frequency stimulation (1 Hz) 
was delivered to the cortex in a penicillin induced seizure model in rats (Wang et al., 
2012), along with the scheduled stimulation and non-stimulation group (n=7 for each). 
The results showed that responsive stimulation was more effective in seizure 
suppression with less seizure number and duration compared to scheduled 
stimulation, although the amount of stimulation was not controlled in these two 
groups. Different from previous studies, our study showed that scheduled stimulation 
tends to be more effective than responsive stimulation in the non-SE rats, especially 
in focal seizure latency and generalized seizure number. However, the RS groups 
received much shorter stimulation duration than the SS groups did. When the 
duration of stimulation was used as covariate in the analyses of variance, the 
difference between RS and SS on these seizure parameters had disappeared. This 
finding indicates that the duration or amount of electrical stimulation plays an 
important role in the stimulation mediated effects on seizures. 
4.5 Seizure model
In the previous study (Huang and van Luijtelaar, 2012), focal seizures were suppressed 
by responsive stimulation on Day 1 only. Besides, a decreased sensitivity to KA was 
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also found on the subsequent injection days (2-day interval), which might reflect an 
intrinsic anticonvulsant mechanism. Similarly, our present study demonstrated the 
anti-epileptic effects of subicular stimulation on focal seizures on the first day. 
However, this study also showed a lasting effect of stimulation on focal seizures and 
a delayed effect on generalized seizures. In addition, a reduction of sensitivity was in 
general not as pronounced as before (except for focal seizure number and duration). 
 The different outcomes of these two studies might be due to the changes in the 
seizure induction protocol. The protocol was adjusted in the current study with lower 
KA dose (1/4 dose) and longer inter-injection duration (two weeks instead of two 
days). With lower dose, seizure severity was reduced on Day 1 with fewer focal 
seizures, longer focal seizure ISI and shorter generalized seizure duration in this study. 
Previous studies (Kelly and McIntyre, 1994; Najm et al., 1998; Plamondon et al., 1999; 
Sasahira et al., 1995) suggest that severe seizures induced by KA and kindling can 
precondition the brain and protect the brain against subsequent seizures. With 
reduced severity and a longer injection interval, the brain per se can recover from an 
unresponsive state after seizures and meanwhile the process of epileptigenesis might 
occur during this period. Hellier and colleagues (Hellier et al., 1998) have reported 
that the latent period for electrographic seizures in the SE model of TLE could be 1-3 
weeks. Given the percentage of SE (60%) on Day 1 in this study, epileptigenesis might 
take place during the interval period. Thus, animals remained sensitive to KA 
injections over two weeks in this study, reflecting a combination of brain recovery 
from the acute phase and potential occurrence of epileptogenesis. In such conditions, 
lasting or delayed effects of stimulation on focal or generalized seizures are more 
likely to be found with longer interval (on Day 15), in comparison to the lack of 
stimulation effects on Day 3 in the previous study.
5. Conclusion
In the present study, responsive and scheduled stimulation were delivered to the 
subiculum in a KA induced seizure model of TLE in rats. Both types of stimulation 
suppressed focal seizures immediately and such antiepileptic effects persisted over a 
15-day period. This outcome points towards a stabilizing effect of stimulation on the 
reduction of local excitability. The effects on generalized seizures developed more 
slowly: they did not exist in the acute phase, but were clearly present two weeks 
later. These latter effects suggest functional changes in the network involved in 
secondary generalization of partial seizures. Such different effects on focal and 
generalized seizures indicate different mechanisms that underlie stimulation 
mediated effects on both types of seizures.
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 The beneficial effects of DBS were only present in non-SE rats. Instead, stimulation 
worsened seizures in SE rats. This finding suggests that HFS is not beneficial in the 
established state of SE. 
 Both types of stimulation showed anti-epileptic effects. Scheduled stimulation 
seemed more effective, but the amount of stimulation could be an important factor. 
Given that only a small amount of stimulation was delivered in the RS group, the 
effects of responsive stimulation were clearly present, indicating a promising 
approach for seizure control. In all, the outcomes support that the subiculum could 
be a potential target of DBS for mesial temporal lobe epilepsy. 
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Abstract
Objective: The subiculum, one major output structure in the hippocampus, is 
considered to participate in seizure generation and modulation in temporal lobe 
epilepsy (TLE) since stimulation of the subiculum was found to suppress seizures in a 
seizure model. The current study aimed to investigate whether acute scheduled or 
responsive stimulation of the subiculum can suppress spontaneous seizures and 
affect local excitability of the subiculum in a chronic TLE model. 
Methods: Wistar rats were administrated intraperitoneally with kainic acid (KA) 
repeatedly to induce status epilepticus (SE). 4 months later the animals were 
implanted with stimulation electrodes in the subiculum. After one-week baseline 
recording, they received either responsive or scheduled high frequency stimulation 
(HFS, 125 Hz) for two days and then were swapped to the other type of stimulation for 
two days with one-week interval. The animals also received pulse stimuli (100 µs, 
interval of 5-7 s) at different intensities (20, 50, 100 mA) before and after stimulation 
while evoked responses were elicited.
Results: Acute HFS of the subiculum – both scheduled and responsive stimulation – 
suppressed spontaneous focal seizures in rats. The excitability of the subiculum, 
measured by evoked responses, did not show obvious changes before and after HFS.
Conclusion: The preliminary outcomes revealed the anticonvulsant effects of 
subicular stimulation on spontaneous seizures, suggesting that the subiculum is a 
promising target candidate for deep brain stimulation to control seizures in TLE. The 
absence of changes in subicular excitability indicates that HFS affects the hippocampal 
network rather than the excitability of the subiculum per se.
Key words: high frequency stimulation, responsive, scheduled, subiculum, TLE, rats
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1. Introduction
Temporal lobe epilepsy (TLE) is the most common type of refractory epilepsy in 
adults. More than 30% of epilepsy patients cannot be well controlled by antiepileptic 
drugs (Kwan and Brodie, 2000). Deep brain stimulation (DBS) is considered as a viable 
treatment option for patients who are not suitable for resective surgery. 
 Neuropathological and neurophysiological evidence (de Lanerolle and Lee, 2005; 
King et al., 1995; Mathern et al., 1996) suggest that the hippocampus plays an 
important role in seizure generation in TLE. DBS, especially, high frequency stimulation 
(HFS), has been delivered to the hippocampus in order to control seizures in different 
animal models (Bragin et al., 2002; Cuellar-Herrera et al., 2006; Wyckhuys et al., 
2010a; Wyckhuys et al., 2010b) as well as in patients with refractory epilepsy (Boon et 
al., 2007; Tellez-Zenteno et al., 2006; Velasco et al., 2000a; Velasco et al., 2001; 
Velasco et al., 2000b; Vonck et al., 2002). The common target region for DBS in these 
studies is the CA3 area. Recently, another sub-region within the hippocampus – the 
subiculum – has received increasing attention (Cohen et al., 2002; de Guzman et al., 
2006; Wozny et al., 2003).
 The subiculum, situated between the CA1 and entorhinal cortex (Ecx), is the 
major output structure in the hippocampal formation.  It is also considered to 
participate in the generation and maintenance of epileptic activity (Fabo et al., 2008). 
In vitro study showed that the subiculum is hyperexcitable in human with TLE. 
Importantly, spontaneous rhythmic activities were found in hippocampal slices in 
human (Cohen et al., 2002; Wozny et al., 2003), reminiscent of interictal spikes 
observed in epilepsy patients. All together, these outcomes raise the possibility of the 
subiculum as a potential target for DBS. 
 Indeed, more evidence from in vivo studies confirmed the anticonvulsant effects 
of subicular stimulation. Zhong et al. (2012) applied low frequency stimulation (LFS, 1 
Hz) to the subiculum in a kindling model of TLE. These authors found that LFS of the 
subiculum slowed the progression of kindling acquisition, reduced average seizure 
stage in fully kindled rats, and inhibited occurrence of spontaneous generalized 
seizures in the pilocarpine treated rats. Meanwhile, our group (Huang and van 
Luijtelaar, 2012a) applied responsive HFS (125 Hz) to the subiculum when seizures 
were visually detected on EEG in a seizure model of TLE. The results showed acute 
anticonvulsant effects of subicular stimulation: less focal seizures and longer 
inter-seizure interval. Further, with the help of an automatic seizure detection 
program, both responsive and scheduled stimulation were delivered to the subiculum 
in a similar seizure model (Huang and van Luijtelaar, 2013). The anticonvulsant effects 
were found on both types of stimulation, dependent on the severity of seizures 
(reaching SE or not) and type of seizures (immediate and lasting effects on focal 
seizures and latent effects on generalized seizures). Based on these positive outcomes, 
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it would be interesting to further investigate whether subicular stimulation is effective 
in a chronic TLE model.     
 Chemical induction of status epilepticus (SE) has been one of the most common 
approaches for animal models of TLE. A single large bolus of kainic acid (KA) was first 
used (Cronin and Dudek, 1988; Cronin et al., 1992; Medvedev et al., 2000) to induce 
SE. However, a relatively high mortality rate was observed (Cavalheiro et al., 1991; 
Turski et al., 1989) and sometimes only a small number of animals developed 
spontaneous seizures (Bertram and Cornett, 1993). Hellier and group (Hellier et al., 
1998; Hellier and Dudek, 2005) developed a new protocol to induce SE by titration of 
low-dose KA, resulting in higher survival rate and more animals that develop 
spontaneous seizures. We adapted their protocol with some modifications to further 
lower the mortality rate (see methods).
 The aim in the present paper was to investigate the effects of subicular stimulation 
– both responsive and scheduled way – in a chronic TLE model. In addition, local 
excitability of the subiculum, measured by the amplitude of evoked potentials (EPs) 
that were induced by a series of single pulses, was also investigated before and after 
responsive and scheduled stimulation. 
2.  Materials and methods
2.1 Animals
Male Wistar rats (n=14) weighing 120-150 g, were used (bred at the Biological Psychology 
Department, Donders Center for Cognition, Radboud University Nijmegen). The rats were 
housed under controlled temperature (20 °C, relative humidity 50~70%) and 12-hour 
light-dark conditions (with light at 8 am off and 8 pm on), with ad libitum access to 
food and water. The local medical-ethical committee of the Radboud University 
Nijmegen (RU-DEC) approved all procedures on animal experimentation in the study. 
Efforts were taken to alleviate discomfort and number of animals as much as possible.
2.2 KA administration protocol
The KA administration protocol was based on a previous protocol (Hellier et al, 1998; 
Hellier and Dudek, 2002) with some modifications to reduce suffering of animals and 
lower the mortality rate of animals (see suppl. material). The rats were injected with 
multiple KA (Ascent Scientific Ltd, U.K.) intraperitoneally while the behaviour of the 
rats was continuously monitored by two researchers. In our protocol, the rats 
received a full dose KA (5 mg/kg) or half dose (2.5 mg/kg) per hour depending on their 
seizure severity until they reached 3-hour SE (see the flowchart in the supplementary 
material). In total, the rats received 7±2 injections and 2.1±0.6 mg of KA on average. 
Diazepam (5 mg/kg, i.p.) was given to the rats if they showed severe behaviors such 
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as wild jumping. Subcutaneous administration of saline (1 ml) was given to all the 
animals after SE induction and was continued for two or three days if they appeared 
lethargic. 
2.3 Surgery
The rats were anesthetized with isoflurane inhalation and fixed in a stereotaxic frame. 
At the start of surgery atropine sulfate (0.1 ml, i.m.) was given to reduce saliva 
secretion and the analgesic Rimadyl (4 mg/kg, i.v.) was administered. Temperature 
was monitored and maintained at 37 °C with a heating pad throughout surgery. A 
tripolar electrode set (MS333/2a, Plastics One, Roanoke, VA, USA) was placed 5.6 mm 
posterior, 4.8 mm lateral to bregma at the right hemisphere at 3.2 mm depth in the 
subiculum (Paxinos and Watson, 1998), serving as stimulation electrodes and 
recording electrode. Another tripolar electrode containing three stainless wires was 
placed on the left hemisphere, with the frontal wire targeting the motor cortex and 
the other two wires located in the cerebellum serving as reference and ground 
electrode respectively. The tripolar electrodes and several screws were attached to 
the skull with dental acrylic cement. After surgery, the animals were housed 
individually and were given two weeks to recover. 
2.4 Video and local field potentials (LFP) Monitoring
One LFP recording was recorded from the ipsilateral hippocampus and the other was 
recorded from the contralateral motor cortex. All these LFP recordings were made 
against the cerebellar reference electrode. LFP signals, fed into a multi-channel 
differential amplifier via a swivel contact that enables the animals to move freely, were 
amplified (5000x), band-pass (1-100Hz) and notch filtered (50 Hz). The output was 
sampled at 256 Hz and digitized with a WINDAQ/Pro data acquisition system in 
combination with a DI410-interface (DATAQ Instruments 2.49, Akron, OH, USA). Video 
was captured with a camera placed in the recording chamber and recorded with the aid 
of the Observer® (Noldus Information Technology BV, Wageningen, The Netherlands). 
 Video and LFP monitoring were performed under controlled conditions (20°C, 
relative humidity 50~70%). The recording took place in a noise-isolated experimental 
chamber. Two days before LFP recording, the animals were placed in a Plexiglas 
recording cage (30×25 cm, high 35 cm) so as to habituate to the recording system. 
Later, the animals were recorded with LFP monitoring for 24-hour baseline recording 
for 7 days to measure the rate of spontaneous seizures.
2.5 HFS
HFS was delivered at 125 Hz, bipolar, biphasic, square wave with a width of 100 µs. 
The stimulation intensity was determined for each rat at the end of baseline recording. 
Starting with 100 µA, the intensity was step-wisely increased by 100 µA until motor 
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effects (twitching, head nodding, rearing etc.) or LFP abnormalities were observed. 
Then the intensity was reduced by 100 µA and was kept at that level for the rest of the 
experiment. HFS parameters and the protocol to determine stimulation intensity 
were similar to what was previously used (Velasco et al., 2000a; Velasco et al., 2001; 
Velasco et al., 2000b; Vonck et al., 2002). The rats were randomly divided into two 
groups – responsive and scheduled stimulation group. In the responsive stimulation 
group, the digitized signal was also connected to a previously developed and validated 
automatic seizure detection program (Huang and van Luijtelaar, 2011; Huang and van 
Luijtelaar, 2013). When the program detected a seizure, it triggered the stimulator to 
deliver stimulation to the animals until the seizure was over. The rats in the scheduled 
stimulation group received continuous stimulation whose duration was based on the 
total duration of spontaneous seizures during the baseline. Both stimulation groups 
received stimulation for two days. The stimulation conditions were swapped one 
week later, so a cross-over design was used. 
2.6 Stimuli to measure excitability
To measure local excitability, all the rats also received electrical stimuli (pulse width: 
100 µs) with an interval of 5-7s at different intensities (20, 50, 100 mA). Pulses were 
given at four occasions: before and after HFS (see Figure 1). All the animals received a 
total of 50 stimuli for each intensity at each occasion.  
Figure 1   Indicates the stimulation protocol in the study.
All the rats first received one-week baseline recording to measure the rate of spontaneous 
seizures. Then they were randomly classified into two groups to receive either responsive 
stimulation (RS) or scheduled stimulation (SS) in the subiculum for two days. One week later, 
they received the other type of stimulation for another two days.  All the rats also received 
single pulse stimuli (with interval of 5-7 s) before and after RS or SS, as shown by the arrows, in 
order to measure the excitability of the subiculum.
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2.7 Histology
At the end of the experiment, the animals were anesthetized with sodium 
pentobarbital (60 mg/kg, i.p.) and then a DC current (25 µA, 15 sec) was delivered 
through the electrodes to create a lesion around the electrode tips. Afterward, the 
animals were perfused transcardially with 2% potassium ferrocyanide in a solution of 
4% formaldehyde in 0.04 M phosphate buffer (PH=7.3). The brains were removed and 
post-fixed in the same solution overnight at 4 °C. After post-fixation, the brains were 
placed into a 30% sucrose solution and remained there until they sank 3 or 4 days 
later. Then coronal sections (60 µm) were cut by a microtome (HM 440E, Waldorf, 
Germany) and the slices containing the track of the electrodes were stained with 
cresyl violet. In the end, these slices were examined under a light microscope to 
verify the positions of the electrodes using the same atlas of the rat brain (Paxinos 
and Watson, 1998). This study included only the rats whose histological examination 
confirmed the location of the stimulation electrode at the subiculum region.
2.8 Data Analysis 
The recorded LFP were reviewed with the WINDAQ/Pro browser. Statistical analysis 
was done in SPSS 15.0. The definition of the start point of seizures is when the 
amplitude of the epileptiformic activity is twice the amplitude of the baseline LFP. 
Racine scale (Racine, 1972) was used to classify the severity of behavioral seizures: 
Stage I (immobility, facial automatism), II (head nodding, wet dog shakes), III (unilateral 
myoclonus), IV (bilateral myoclonus or tonic-myoclonic behavior, rearing without 
falling) and V (bilateral myoclonus or tonic-myoclonic behavior, rearing and falling). 
Focal seizures were defined both by severity of seizures (behavior, Stage I or II) and 
epileptic activity on the LFP of the hippocampal channels only. Generalized seizures 
were defined both by severity of seizure behavior (Stage III, IV, or V) and synchronous 
epileptic activity on the LFP of the hippocampus and motor cortex. Seizure character-
istics such as seizure number and duration were calculated. 
 The rate of spontaneous seizures, measured by averaging seizures during the 
baseline period, serves as the control. One-way ANOVA was used to compare average 
seizure rate and duration of the two stimulation groups to the baseline period. Given 
the small number for each group, effective size square (Eta2) was considered to 
co-evaluate the outcomes of the statistical tests. If p<0.1 and Eta2>0.2, the outcome 
was still considered as significant. Post-hoc tests with Helmert contrast were chosen 
to reveal the difference between the baseline period and stimulation period as well 
as the difference between the two stimulation groups. Considering the sample size 
and probability distribution of the data, Kruskal Wallis non-parametric ANOVA was 
also performed. The outcomes of Kruskal Wallis test was reported in details only 
when there were inconsistent results between this test and one-way ANOVA.
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 Brain vision analyzer (Brain Products GmbH, Gilching, Germany) was used for 
averaging evoked potentials (EPs) (n=30) offline per rat per intensity, and before and 
after scheduled (PreSS and PostSS) and responsive (PreRS and PostRS) stimulation. 
The main components of the EPs were identified and characterized by their latency. 
Repeated measure ANOVA was conducted to compare the amplitude of EPs with 
different order (RS-SS, SS-RS) as between-subjects factor, and different stimulation 
type (RS, SS), day (before and after stimulation) and intensity as within-subjects 
factors. In addition, non-parametric Mann-Whitney and Wilcoxon tests were also 
performed. 
3. Results
In total, 14 rats received KA administrations to develop 3-hour SE on the first day. 
Four months later, four rats were excluded as they did not show sufficient convulsive 
seizures (at least one convulsive seizure/hour) during 6-hour behavior monitor prior 
to surgery. One rat died after implantation surgery and one died during stimulation 
recording. Two rats lost electrodes during stimulation recording. Thus, six rats were 
finally included in the study for data analysis. The scheduled stimulation group 
received a controlled amount of stimulation (4.1 ± 1.8 minute) during the 48-hour 
recording session based on the total duration of spontaneous seizures during the 
baseline period. The responsive stimulation group received stimulation (1.5 ± 0.7 
minute) depending on the total duration of all seizures during the 48-hour recording 
session.
3.1 Effects of HFS on spontaneous seizures
The mean focal seizure number during the baseline period 5.2 ± 0.7 seizures per day 
(mean ± S.E.M, range from 0 – 15 seizures). The mean seizure duration during the 
baseline period was 8.2 ± 1.3 s (range from 3 – 24 s). There were very few generalized 
seizures (0.3 ± 0.7 seizures per day) with duration of 59.2 ± 7.0 s. The inter seizure 
interval was variable, from less than 1 hour to 1 day. 
 During the two-day stimulation period, the responsive stimulation group had 1.6 
± 0.4 focal seizures per day, and the scheduled stimulation group had 1.7 ± 0.3 focal 
seizures per day. One-way ANOVA showed a group effect (F (2, 15) =10.78, p<0.01, 
eta2=0.6) and post-hoc tests suggested that both stimulation groups had reduced 
focal seizure number (p<0.01) compared to the baseline period (Figure 2A).  Likewise, 
focal seizures lasted 4.4 ± 1.8 s in the responsive stimulation group and 2.8 ± 1.2 s in 
the scheduled stimulation group. One-way ANOVA showed that there was a group 
effect (F (2, 15) =3.44, p=0.06, eta2=0.3) and post-hoc t test showed that both 
stimulation groups had shorter duration of focal seizures (p<0.05) compared to the 
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baseline period (Figure 2B). Meanwhile, the Kruskal-Wallis non-parametric ANOVA 
also showed that both stimulation groups had less and shorter focal seizures, 
consistent with the outcomes of the parametric ANOVA. 
 Considering that there were very few generalized seizures in general and in 
particular after stimulation in both groups (in fact four rats did not show any 
generalized seizures after stimulation), generalized seizures were excluded from 
statistical analyses.  
3.2 Evoked potentials (EPs)
Evoked potentials induced by electrical pulse stimuli were mainly visible on LFP 
recorded at the subiculum site near the stimulation electrodes. The first negative 
response at 2 ms was considered as a stimulation artifact, which can also affect the 
following positive response at 4 ms. Thus, these two responses were not identified as 
main components.  In total, three main components of EPs were identified: N1 
(latency at 5 ms), N2 (latency at 13 ms), P1 (latency at 23 ms), as illustrated in Figure 3. 
Repeated measures ANOVA showed the following outcomes: 
Amplitude of N1: only a main effect on intensity (Figure 4A) was found: the stimulation 
at higher intensity induced larger evoked potentials (F (2, 8) =4.95, p<0.05) than lower 
intensity stimulation. 
Figure 2   Mean and sem of the focal seizure number and duration during baseline, 
and after responsive and scheduled information.
Both stimulation groups had less (A) and shorter (B) focal seizures compared to the baseline 
period. RS: responsive stimulation. SS: scheduled stimulation. *: p<0.05; **: p≤0.01.
A B
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Amplitude of N2: a main effect on intensity (F (2, 8) =4.52, p<0.05) (Figure 4A) as well 
as an interaction between stimulation group, intensity and day effect (F (2, 8) =4.18, 
p=0.06, eta2=0.51).  Post-hoc t test showed that evoked potentials were marginally 
higher (t (5) =2.45, p=0.06) after scheduled stimulation compared to before stimulation 
but only at 100 mA. This was confirmed by the outcomes of the non-parametric 
Wilcoxon test showing higher evoked potentials after scheduled stimulation at 100 
mA. Different stimulation groups showed different tendency in EPs changes (post-pre) 
after stimulation at 100 mA: the rats seemed to have higher EPs after receiving 
scheduled stimulation, whereas no such changes were observed in the rats after 
responsive stimulation (t(5)=4.35, p=0.01), as shown in Figure 4B. Similarly, 
non-parametric Mann-Whitney test also confirmed the difference between the two 
stimulation groups.
Amplitude of P1: neither main effects on order, intensity, group or day, nor interactions 
effects were observed.
Figure 3   Example of average evoked potential (EPs) induced by electrical 
stimulation of the subiculum.
The upper right panel represents a grand average of all EPs averaged at three intensities (20, 
50, and 100 mA). The main panel is the magnification of EPs (-10: 60 ms) with the three main 
components at different latencies: N1 (at 5 ms), N2 (at 13 ms), P1 (at 23 ms).
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4. Discussion
The effects of responsive and scheduled stimulation of the subiculum in the SE model 
of TLE induced by repeated KA administrations were compared. The preliminary 
results (from both parametric and non-parametric statistical analyses) showed that 
acute HFS of the subiculum – both scheduled and responsive stimulation – suppressed 
spontaneous focal seizures in rats. Meanwhile, local excitability, measured by evoked 
potentials, did not show obvious changes before and after HFS. 
4.1 Effects of HFS on spontaneous seizures
The outcomes of our study confirmed the anticonvulsant effects of subicular 
stimulation, consistent with the limited evidence from animal studies. Zhong et al. 
(2012) applied continuous LFS to the subiculum for 15 minutes daily for 35 days after 
induction of SE in the pilocarpine induced epilepsy model. They found that LFS of the 
subiculum can prevent the occurrence of spontaneous seizures. This is the only study 
that proved the anti-epileptogenesis effects of subicular stimulation in the chronic 
epilepsy of TLE. Meanwhile, our previous work investigated whether HFS of the 
subiculum with different fashion – responsive and scheduled stimulation - would 
result in beneficial effects in a seizure model of TLE (Huang and van Luijtelaar, 2013). 
The results showed that both types of stimulation can inhibit seizures in rats that did 
not develop SE after acute administration of KA. Such anticonvulsant effects were 
different for focal and generalized seizures: immediate and persistent effects on focal 
Figure 4   Mean and sem of the amplitude of the evoked potentials (EPs) at three 
intensities.
A: significant intensity effects were found for N1 and N2 component when EPs were elicited by 
stimuli at three intensities (20, 50, 100 mA). B: Mean and sem of change in amplitude of N2 
after stimulation (Post-Pre) at 100 mA in the two stimulation groups. N2 was increased after 
scheduled stimulation (SS), whereas it was reduced after responsive stimulation (RS). *: p<0.05; 
**: p≤0.01.
A B
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seizures, whereas for generalized seizures only delayed effects (two weeks later) 
were found. The current study, despite preliminary (considering the small number of 
animals), further confirmed the effects of subicular stimulation in a chronic TLE 
model, indicating that the subiculum is a potential target for DBS to control seizures. 
Despite the beneficial effects of stimulation, some differences existed between the 
outcomes of these two studies. For instance, in our previous study scheduled 
stimulation seemed more effective than responsive stimulation in seizure suppression, 
whereas no such differences were found between the two stimulation groups in the 
current study. This discrepancy might be explained by the fact that the amount of 
stimulation was not controlled in the previous study (16 hours and 5 min for the SS 
and RS group respectively), in comparison of the controlled amount of stimulation for 
the two stimulation groups in the current study. Another important fact that needs to 
take into account is that different models were used in these two studies. Many 
intense focal and generalized seizures were induced in the acute seizure model in the 
previous study while only a few slowly emerging spontaneous seizures were noticed 
in the current epilepsy model.  This may account for different effects of stimulation 
between these two studies. In all, it is not surprising that the current study showed 
that even a small amount of scheduled and responsive stimulation (around 2 minutes) 
can suppress spontaneous focal seizures. 
 Besides evidence from animal models, Bondallaz et al (2013) recently delivered 
HFS (130 Hz) in the hippocampus to investigate the relationship of stimulation and 
distance between stimulation contact and focus in eight patients with refractory 
epilepsy. The outcomes showed that when the stimulation electrode was closer to 
the subiculum, the effects of stimulation were higher. The Bonzalez et al. study is the 
first clinical study supporting the participation of the subiculum in seizure generation 
and propagation. 
 One highlight in our outcomes is that responsive HFS in the subiculum is beneficial 
for seizure suppression besides the classic scheduled stimulation. Zhong and group 
(2012) investigated LFS of subiculum at different delivery time points such as at double 
ADD (afterdischarge duration) delay, 0.5 hr delay, 2h delay on kindling acquisition and 
found that LFS at double ADD delay can slow the progression of kindling. They 
proposed that such a wide time window for the subiculum indicated that the 
subiculum is suitable for responsive stimulation. The outcomes of our work, in favor 
of their assumption, proved that responsive stimulation of the subiculum for only 2 
minutes is effective in suppression focal seizures. 
4.3  Excitability of the subiculum and hippocampal network
Our data suggests that local excitability in the subiculum in general was not altered 
by both types of stimulations. Such absence of change in the local excitability of the 
subiculum was in contrast with HFS induced decrease of spontaneous seizures. 
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 The subiculum is one major output station in the hippocampus, receiving primary 
inputs from the CA1 area and sending projections directly or indirectly via the pre- 
and para-subiculum (Funahashi et al., 1999) to the entorhinal cortex (EC). It is possible 
that the excitability of the subiculum per se was not altered by stimulation. Instead, 
HFS of the subiculum might alter the excitability of the entire hippocampus network, 
resulting in suppression of spontaneous seizures. (Stypulkowski et al., 2014)) have 
investigated the hippocampal excitability during remote thalamic stimulation (5 Hz) 
and direct hippocampal stimulation in rats. They found that the amplitude of the 
hippocampal evoked potentials were reduced when local field potentials (LFPs) were 
suppressed, indicating a reduction of hippocampal excitability by both remote 
stimulation and direct stimulation. More experiments need to be conducted in the 
future to investigate whether and how much the excitability of different subareas of 
the hippocampus such as the CA3 and CA1 area are altered during and after different 
stimulation protocols.
4.4 Epilepsy model
The rate of spontaneous seizures in the present study (5-10 seizures per day) is 
relatively low compared to previous studies (20-25 seizures per day) at the same 
period after SE. One reason could be different strains of rats. In our study, Wistar rats 
were used compared to Sprague-Dawley (SD) rats in other studies. It is possible that 
genetic factors contribute to different levels of spontaneous seizures. A previous 
study (Golden et al., 1991) reported differential sensitivity of strain to KA induced 
seizures in adult rats: SD rats seemed more insensitive to KA compared to other 
strains such as Wistar-Furth and Fisher 344. Later, the same group (Golden et al., 
1995) found that such strain difference was not observed in juvenile rats. If so, 
considering that juvenile rats were used in our study, rat strain might not affect 
expression of spontaneous seizures as expected. A more plausible explanation could 
be an induction of less intense SE at the early phase in our study. For mortality 
concern, an adjusted protocol was adopted in our study to induce SE. In total, the rats 
received 7±2 injections and 2.1±0.6 mg of KA to reach 3-hour SE on the first day. This 
is less intense compared to data from others (Williams et al., 2009) (3.0±1.3 mg). 
Therefore, it is more likely that the induction of less intense SE led to the lower level 
of spontaneous seizures in our study. 
5. Conclusion
In summary, different types of acute stimulation in the subiculum were delivered in a 
chronic epilepsy model. The preliminary outcomes showed that both responsive and 
scheduled HFS of the subiculum can suppress spontaneous seizures, indicating that 
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the subiculum is a promising target candidate for DBS to control seizures. In contrast, 
focal excitability – measured by evoked potentials in the subiculum – did not alter 
after either type of HFS. Taken together, these outcomes suggest that the beneficial 
effects of HFS of the subiculum on the hippocampal network rather than the 
excitability of the subiculum per se. 
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Suppl. Material
Flowchart for KA administration protocol: It was based on the protocol by Hellier and Dudek 
(2005). In their protocol, the endpoint for multiple injections is three-hour (status epilepticus) 
SE. Animals need to receive full dose or half dose of KA injection every hour depending on 
animals’ severities and animals continue to receive KA injections until they reach 3-hour SE in 
the end. In our study, we modified the protocol to reduce the discomfort that animals suffered 
from KA administration, based on the protocol used in another lab (Wyckhuys et al, 2010).  A 
main difference is the endpoint of the modified protocol: when animals display more than 6 
stage IV or V seizures, repetitive behaviors, or excessive salivation, KA injections were 
terminated and animal behaviors were then observed for the next three hours instead of 
giving another injection. This modification is based on the observation that when animals 
display such severities of seizure behaviors, they always show at least one convulsive seizure 
per hour for three consecutive hours without receiving any further KA injection. By doing so, 
animals receive less injections and thus less suffering and lower mortality rate.
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General Discussion
DBS has been considered as a viable alternative treatment option for drug resistant 
epilepsies. Especially, HFS, often chosen to deliver current to a variety of brain targets 
such as the hippocampus, has moderate to positive effects in various animal models 
and clinical studies. However, some crucial questions regarding DBS remained 
unanswered such as which type of stimulation (open-loop and closed-loop) is (sub)
optimal and where to stimulate in relation to the focal area. In the present thesis, we 
explore the effects of HFS with different types at a new target – the subiculum - in 
various rat models of TLE. 
1. Animal models
1.1 Seizure models in rats
Different KA administration protocols (Table 1) were used in different experiments 
with adjustment of the inter injection interval and dose of KA in order to obtain 
sufficient seizures repeatedly within a relatively short period. 
 In the acute experiment (Exp II in Chapter 4), KA (0.1 μg) was administrated into 
the CA3 or CA1 area every 1.5 hour until the rats reached Stage V. Half of them showed 
SE following stage V. The same protocol was repeated with a 48-hour interval. 
However, less focal seizures and longer inter focal seizure intervals were observed on 
the subsequent injection day, pointing to a reduction of sensitivity. 
 In the subsequent experiment (Chapter 5) half dose of KA (0.05 μg) was chosen 
with the same protocol. Considering that the rats included in this experiment were 
older than in the former experiment (9-12 months vs. 4-6 months), the outcomes of 
these two experiments were not compared as age can affect excitability. KA age 
sensitivity, according to Levesque and Avoli (2013), shows a U pattern: young rats (< P15) 
and old ones (> P60) are more sensitive to KA compared to rats aged between P20 
and P 60 (Albala et al., 1984; Dawson and Wallace, 1992; Golden et al., 1995; Holmes 
and Thompson, 1988a; Mikati et al., 2003; Sarkisian et al., 1997; Stafstrom et al., 1992; 
Wozniak et al., 1991). Despite age difference, the rats in this experiment also showed 
a reduction of sensitivity to KA over the injection days.
Next, a sub-acute experiment (Exp III in Chapter 4) was conducted with lower doses 
(two doses: 0.05 & 0.01 μg) and a two-week interval. Likewise, the rats reached Stage 
V, and at least half of them reached SE on the first day. However, the rats were now 
equally sensitive to KA on the first day and the second day two weeks later, even with 
a shorter latency of generalized seizures, suggesting that the rats kept or returned to 
their original sensitivity to KA, or were slightly more sensitive. 
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 One common finding in all locally administered KA studies was that all the rats 
were sensitive to KA on the first day: all displayed multiple focal and generalized 
seizures until reaching Stage V, and about half of them reached SE. The average 
seizure rate on the first day was 10-15/hour across all experiments. Moreover, the KA 
administration protocol with a two-week interval resulted in sustained brain 
excitability over the two weeks, indicating that a high rate of seizures (mainly focal 
but also generalized seizures) can be obtained repeatedly within a short time period. 
This provides plenty of possibilities for intervention of responsive stimulation, which 
is driven by seizure occurrence.
 Another important finding is that brain excitability seemed to alter with different 
KA administration protocols, esp. with different inter injection intervals. In the acute 
experiment with a 48-hour interval, the rats showed a reduced sensitivity to KA 
injections after 48 hours, indicating an intrinsic anticonvulsant mechanism of brain 
following severe seizures (Stage V followed or not followed by SE). In the sub-acute 
experiment with a two-week interval, the rats remained sensitive or even showed a 
tendency of enhanced sensitivity to KA over two weeks. With longer interval, the rats 
could recover from the severe seizures on the first day and meanwhile epileptogene-
sis is likely to take place, as shown in one rat in the high-dose group. Williams et al. 
(2007) reported that epileptogenesis could occur as early as one week after KA 
injection. Therefore, it is assumed that the lasting sensitivity to KA injection in the 
sub-acute experiment indicates a combination of recovery of the brain and the 
potential occurrence of epileptogenesis during this period. This switch in the brain 
sensitivity is reminiscent of the SE model of TLE: the silent period followed the 
induction of SE until the occurrence of spontaneous seizures.
 As mentioned, different doses of KA were used in this series of experiments. 
Meanwhile, a dose-effect (seizures) relationship was sought across all these experiments. 
Table 1   Different KA administration protocols in different experiments
Exp Rat
#
Rat
age
KA
Dose (μg)
INT Outcomes
Exp II
Ch 4
10 4-6 m 0.1 48 hrs Reduced sensitivity to  
KA over the days
Ch 5 10 6-9 m 0.05 48 hrs Reduced sensitivity to  
KA over the days
Exp III
Ch 4
8 (H)
9 (L)
4-6 m 0.05 (H)
0.01 (L)
2 wks Sustained sensitivity over the days:  
no day effects; shorter latency of gz;
Dose response relationship  
(with Exp II) on Day 15
KA: kainic acid; H: high dose group; L: low dose group; Ch: Chapter; gz: generalized seizures. hr: hour; wk: week
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Our data did not show evidence of dose dependent effects on seizures at the acute 
phase (Day 1). Instead, dose-effect relationship was found 2 weeks later. It is possible 
that the doses used in our study were above a certain threshold to elicit any differential 
effects at the acute phase. In a previous study (Sperk, 1994), a dose-effect relationship 
was reported on behaviors such as wet-dog shakes and immobility, and neurochemical 
and neuropathological variables, but not on KA induced seizures on the first day, 
consistent with our finding.
1.2 Chronic epilepsy model in rats
A chronic KA induced epilepsy model in rats was used in the last experimental chapter 
(Chapter 7), based on the model developed by Hellier et al. (1998). A major concern of 
the SE model in rats is the mortality rate during and after KA administrations. Therefore, 
the SE induction protocol was modified in our study (for details see Chapter 7).  
 The rats received repeated systemic injections with KA to reach 3-hour SE. Three 
months later the rats were monitored whether they have spontaneous seizures. Only 
those rats that showed sufficient convulsive seizures (at least 1 seizure/hour for six 
hours) during this baseline period were selected for the implantation of EEG electrodes. 
 The rate of spontaneous seizures in our experiment during the baseline period 
was relative low compared to previous epilepsy models by others at the same period 
after SE induction. This might reflect a different strain difference in the sensitivity to 
KA: it might be low in our Wistar rats and high(er) in Sprague Dawley rats (Hellier and 
Dudek, 2005; Raedt et al., 2009; Williams et al., 2007). Differential strain sensitivity 
to KA induced seizures was reported in adult rats (Golden et al., 1991), but not in 
juvenile rats (Golden et al., 1995). Given the fact that juvenile rats were used in our 
study, it is more likely that other factors contribute to the lower rate of spontaneous 
seizures. For the mortality concern, the KA administration protocol was adjusted to 
lower the injection rate and dose of KA. The rats received 2.1±0.6 mg of KA, a lower 
amount compared to 3.0±1.3 mg of KA in Williams et al.’s experiment (2007). Thus, 
lower doses of KA might affect lower rate of spontaneous seizures. 
 This experiment proved the anticonvulsant effects of subicular stimulation in the 
chronic epilepsy model. The epilepsy model should be adjusted in future studies to 
enhance the rate of spontaneous seizures with consideration of animal welfare and 
mortality. 
2. HFS of the hippocampus  
In the present thesis, responsive HFS was investigated in three studies (Chapter 5-7). 
In the first study (Chapter 5), the rats received repeated KA administrations into the 
CA3 of the hippocampus to induce seizures, followed by responsive stimulation to the 
subiculum. Similar KA injections were repeated with a 48-hour interval to establish 
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whether the sensitivity to KA was changed as a consequence of responsive stimulation 
to the subiculum. The results showed that responsive stimulation suppressed seizures 
(less focal seizure number and longer seizure interval) on Day 1. In the second study 
(Chapter 6), similar KA administration protocol was applied but with lower KA dose 
and longer injection interval (two weeks). Both types of stimulation – scheduled and 
responsive stimulation were delivered to the rats during the first 24 hours after KA 
administration while the control rats did not receive any stimulation. The results 
showed that both types of stimulation were effective only on the rats that did not 
reach SE. Such anticonvulsant effects of stimulation were different for focal and 
generalized seizures: immediate and lasting effects on focal seizures but only delayed 
effects on generalized seizures. In the third study (Chapter 7), both types of stimulation 
were applied for two consecutive days in a chronic epilepsy model of TLE. Both types 
of stimulation could suppress the spontaneous focal seizures.
 The main outcomes of these studies are summarized in Table 2. A distinction is 
made whether the effects of responsive/scheduled stimulation were immediate or 
delayed, and whether focal or generalized seizures were affected. 
2.1 Immediate effects of responsive stimulation 
As shown from Table 2, all three studies showed immediate/acute effects of 
responsive stimulation: the first study demonstrated less focal seizure number and 
longer seizure interval; the second confirmed these positive effects of responsive 
stimulation in the non-SE rats, while positive effects were also observed on 
spontaneous focal seizures in the chronic epilepsy model.
Table 2   Outcomes of different stimulation studies
Study Rat 
model
Stimulation
protocol
Outcomes
On focal seizures On generalized seizures
Ch 5 Seizure 
model:
48-hr int
RS on Day 1 Day 1: less focal 
seizures, shorter ISI; less 
interictal spikes
No effects
Ch 6 Seizure 
model: 
2-week 
int
RS and SS on 
Day 1 for 24 
hrs
Day 1 and Day 15: 
shorter duration, longer 
ISI and latency
Day 1: no effects
Day 15: shorter duration 
and longer ISI
Ch 7 Chronic
epilepsy
model
RS and SS for 
48 hrs
Less spontaneous 
seizures and shorter 
duration
No effects
RS: responsive stimulation; SS: scheduled stimulation; ISI: inter-seizure interval; int: interval
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 These consistent outcomes demonstrate that responsive stimulation of the 
subiculum had immediate/acute anti-epileptic effects. Abundant evidence has 
supported the beneficial effects of scheduled stimulations of the hippocampus for 
seizure control in human trials and animal models (Boon et al., 2007; Tellez-Zenteno 
et al., 2006; Velasco et al., 2001; Velasco et al., 2000b; Vonck et al., 2002). Hardly any 
study, however, has investigated responsive stimulation of the hippocampus in 
human or animals except for a case study (Enatsu et al., 2012). In another study (Nair 
et al., 2006) acute HFS was applied to the hippocampus during the transition period 
in a rat model of TLE. The preliminary results from 3 rats showed that acute stimulation 
resulted in reduced seizure frequency and longer inter seizure intervals. However, 
one would argue that the stimulation applied in that study is contingent upon seizures, 
but strictly speaking it was not triggered by a seizure detection program. The small 
amount of stimulation and small number of rats were also a limitation of that study. 
To the best of our knowledge, we are the first to show the anticonvulsant effects of 
responsive stimulation in the hippocampus with implementation of a closed-loop 
system in a seizure model and preliminary evidence in an epilepsy model.
 Importantly, the acute effects of responsive stimulation were highly dependent 
on the severity of the seizures: anticonvulsant effects were found for the non-SE rats, 
whereas no effects or even pro antiepileptic effects were observed for the SE rats. 
This is the first study which demonstrated in animals that DBS could worsen seizures 
if subjects reach severe seizure state such as SE. This finding has a clear clinical 
implication: patients with SE should not be given DBS. The relation of DBS and SE will 
be further discussed in Section 1.3. Another striking finding in the second study is that 
acute effects of responsive stimulation were observed for focal seizures but not for 
generalized seizures. This will be discussed in Section 1.4.   
 Our data suggested that ongoing seizures were not aborted by stimulation in 
both seizure and epilepsy models (Chapter 5-7). Rather, subicular stimulation 
decreased the likelihood for occurrence of upcoming seizures. Disruption of seizures 
by stimulation was observed in absence epilepsy (Luttjohann and van Luijtelaar, 2013; 
Nail-Boucherie et al., 2002; Vercueil et al., 1998). A few in vitro studies (Albensi et al., 
2004; Lian et al., 2003) also showed that acute stimulation could disrupt ongoing 
epileptiformic activities in hippocampal slices. Cymerblit-Sabba et al.(2013) reported 
that hippocampal HFS (100 Hz) can terminate ongoing spontaneous seizures in the 
pilocarpine induced epilepsy model. However, another recent study (Van 
Nieuwenhuyse et al., 2014) found that HFS of the hippocampus cannot affect ongoing 
seizures in the post SE KA model of TLE in rats. It is noteworthy to point out that 
different models and stimulation intensities were used for these two studies – (250 A 
v.s. 45, 60 A), which might account for different outcomes. Consistent with the latter 
study, our study (Chapter 7) also showed that subicular HFS cannot disrupt ongoing 
spontaneous seizures in a similar post SE model of TLE. In addition, we could not 
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interrupt acutely induced seizures (Chapter 5-6) by HFS. This is not surprising 
considering that different mechanisms or causative factors underlie the occurrence 
of induced acute seizures and recurrent spontaneous seizures.
2.2 Responsive vs. scheduled stimulation
Another main goal in the present thesis was to investigate which type of stimulation 
– responsive and scheduled stimulation - is more effective in seizure suppression. 
Both types of stimulation showed anticonvulsant effects on seizures in a seizure 
model (Chapter 6) and chronic epilepsy model (Chapter 7). Scheduled stimulation 
seemed a bit more effective (with longer focal seizure latency and less generalized 
seizures). On the other hand, a very small amount of responsive stimulation can 
already suppress generalized seizures (Chapter 6). 
 So far, only a few studies have compared these two types of stimulation. The 
results of stimulation of the centromedial thalamus in a SE model of TLE in rats were 
in favor of responsive stimulation: 5 out of 6 rats showed reduction of seizure 
frequency and duration (2 with >50% reduction), compared to reduction in 3 out of 6 
rats after scheduled stimulation. The animals in this study received controlled amount 
of stimulation and used themselves as control (Good et al., 2009). Responsive low 
frequency stimulation of the cortex in a penicillin induced seizure model in rats (n=7) 
was a bit more effective compared to scheduled stimulation (Wang et al., 2012). In the 
latter study, the amount of stimulation was not controlled.
 Our studies (Chapter 6&7) suggested that both types of stimulation were effective 
in seizure suppression, in line with the previous studies. What differs from the 
previous studies is that such effects are dependent on seizure severity (non-SE rats) 
and type (Chapter 6). Such difference might be related to the different stimulation 
target in our studies: the subiculum in this thesis, in comparison to the centromedial 
thalamus and cortex in the other two studies. Different animal models (KA induced 
seizure model vs. TLE model and penicillin induced seizure model) would be another 
reason that accounts for difference outcomes from these studies.
 The second study (Chapter 6) suggests that scheduled stimulation tends to be 
more effective. This finding needs to be taken with caution as the amount of stimulation 
was not controlled. In this study, responsive stimulation group received much less 
stimulation (10-12 min) compared to scheduled stimulation (16 hours). The amount or 
duration of stimulation could contribute to efficacy of stimulation (Fisher et al., 2010). 
Indeed, when including the duration or amount of stimulation as a covariate in the 
statistical analysis, the difference between these two stimulation groups was gone. 
Thus, different amount of stimulation that the two groups received might cover the 
difference of stimulation mediated effects between them. In the third study (Chapter 
7), the amount of stimulation was controlled for the two stimulation groups. No group 
difference was found, although that might also be due to the low number of subjects. 
General Discussion | 163
8
2.3 Lasting and delayed effects of HFS 
In addition to acute effects in all studies, lasting and delayed effects were also 
investigated (Chapter 6): for focal seizures, anticonvulsant effects were still present 
two weeks later; for generalized seizures, delayed effects appeared two weeks later 
after stimulation. Such lasting and delayed effects suggest that HFS of the subiculum 
induces some long-term plastic changes or plasticity that takes longer time to develop, 
which is different from instant effects followed by stimulation, reflecting different 
network mechanisms that underlie actions of DBS.
 Although the mechanisms of DBS for epilepsy treatment remain largely unknown, 
several possible explanations have been proposed. One possibility is homeostatic 
scaling induced by HFS for membrane excitability or synaptic strength (Wyckhuys et 
al., 2010). HFS could induce higher overall synaptic activity and in turn, neurons could 
respond with adjustment of their function intrinsic current (van Welie et al., 2004) or 
modulation of synaptic strength (Turrigiano and Nelson, 2004), resulting in downscale 
of local excitability. This reactive and short-term alteration could account for the 
immediate effects of stimulation. Other explanation might include stimulation 
mediated modulation of local GABAergic signaling. Cohen and colleagues (2002) have 
found in human hippocampal slices that the subiculum underwent plastic changes 
that affect GABAergic signaling in epileptic state, leading to hyperexcitability of the 
subiculum. DBS of the subiculum might alleviate or even reverse the changes in 
GABAergic signaling, thus suppress seizures. Another alternative explanation, 
proposed by Wyckhuys et al. (2010), is that HFS induced LTP causes functional 
reorganization to modulate the hippocampal network. Some studies reported 
(Commins et al., 1998a; Commins et al., 1998b) that HFS (200 Hz) or PPF (pre pulse 
facilitation) of the CA1-sub projections could induce LTP. However, it remains unclear 
how LTP leads to suppression of seizures. It is also noteworthy to point out that 
epilepto genesis is possible to take place during the two-week interval. It cannot rule 
out the possibility that delayed effects of HFS might be ascribed to the action of stimulation 
on the process of epileptogenesis.
 In short, the homeostatic scaling theory involves short-term changes, and scenarios 
such as local inhibition can be short or long-term whereas LTP scenario reflects more 
long lasting alterations. Other mechanisms could exist and some of them might take 
longer time to develop, for instance, anti-epileptogenesis, leading to delayed effects. 
It is possible that more than one or multiple mechanisms account for actions of DBS, 
which explains different effects of stimulation. Nevertheless, these explanations are 
to a certain degree speculative and require more proof from experimental work. 
2.4  Focal and generalized seizures
In the first study (Chapter 5), responsive stimulation group had less focal seizures, 
longer inter seizure interval and lower IS rate on Day 1. No effects were observed on 
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generalized seizures. In the second study (Chapter 6), both stimulation groups had 
anticonvulsant effects on focal seizures on both Day 1 and Day 15, whereas stimulation 
mediated effects were found only for generalized seizures on Day 15. In the last study 
(Chapter 7), both stimulation groups had a lower number and shorter duration of 
focal spontaneous seizures. No significant effects of stimulation were found on 
generalized seizures. 
 For the first and last study, anticonvulsant effects were observed only on focal 
seizures while no or little effect was observed on generalized seizures. This might be 
due to the low number of generalized seizures in both studies. For the first study, the 
number of generalized seizures was already low and decreased sensitivity to KA was 
followed. This partly explains the absence of effects on generalized seizures on the 
subsequent days. In the chronic epilepsy model, the occurrence of generalized 
spontaneous seizures is also rare compared to focal seizures. 
 In the second study with the lower dose of KA and two-week interval, a higher 
rate of generalized seizures was obtained. Less intense seizures on the first day might 
be easier for the brain to recover from the unresponsive state over the subsequent 
days. Moreover, epileptogenesis is likely to take place. Under these experimental 
conditions stimulation mediated effects were found not only on focal seizures but 
also on generalized seizures. Interestingly, stimulation seemed to act differently on 
these two types of seizures: immediate and delayed effects on focal seizures and only 
delayed effects on generalized seizures. 
 It is not surprising that focal seizures were immediately suppressed by HFS of the 
hippocampus. Seizures were presumed to be originated in the focal area, the CA3 
region. With time, seizures could spread to the local hippocampal network, as 
reported in KA induced seizure/epilepsy models (Cavalheiro et al., 1983; Lothman and 
Collins, 1981) and then propagate to areas outside the hippocampus. A larger range of 
areas or network is involved in the generalization of seizures. Our outcomes suggest 
that stimulation of the subiculum can also affect such areas or network outside the 
hippocampus. It is likely that the stimulation with current stimulation parameter is 
not sufficient to obtain immediate effects on generalized seizures. With higher 
current intensity or more stimulation electrodes, acute effects might be observed. 
 In summary, the effects of HFS on focal seizures were present in all three studies; 
these effects on generalized seizures were only observed when there were sufficient 
generalized seizures. The differential effects of HFS on focal and generalized seizures 
regarding the timing of the effects (delayed effects on generalized seizures) might 
indicate that different mechanisms are involved in intrahippocampal and extrahippo-
campal seizure propagating pathways.  
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3. Subiculum as DBS target
3.1 Subiculum as DBS Target
In the present thesis, a new target – the subiculum - was chosen as the target for deep 
brain stimulation. Although the subiculum has been investigated in some experimental 
models of TLE in vitro and in vivo, very few studies have looked at it as DBS target for 
seizure control. Recently, Zhong et al. (2012) has applied LFS to the subiculum in a 
series of experiments in both kindling and TLE models of rats. They found that LFS of 
the subiculum (1 Hz) immediately before and after kindling stimulation or after ADD 
(afterdischarge duration) reduced seizure stages and shortened ADD during kindling 
acquisition. LFS of the subiculum before kindling stimulation reduced generalized 
seizures and average seizure stage in fully kindled animals. LFS of the subiculum can 
also prevent pilocarpine induced spontaneous generalized seizures. These findings 
were consistent with our outcomes, pointing to the anticonvulsant effects of subicular 
stimulation. 
 Meanwhile, in another experiment of the same study, stimulation at different 
frequencies (0.5, 3 and 130 Hz) was delivered to the subiculum after ADD. None of 
these stimulation frequencies was found to retard progression of kindling seizures. 
These outcomes are in favor of 1 Hz as the most effective frequency for subicular 
stimulation to reduce seizure stages during kindling acquisition. This, however, is not 
necessarily in conflict with our finding. In our study, HFS of the subiculum is delivered 
in the KA induced seizure/epilepsy models of TLE, in comparison to the kindling model 
in the former study. Different models might partly explain the preference of 
stimulation at different frequency in these two studies. In Zhong et al.’s study, LFS at 
different frequencies was delivered after ADD. Timing of stimulation can be a factor 
contributing to the effects of different frequencies. 
 Besides evidence from animal models in support of the subiculum as DBS target, 
Bondallaz et al. (2013) delivered HFS (130 Hz) in the hippocampus to investigate the 
relationship of stimulation and distance between stimulation contact and focus in 
eight patients with refractory epilepsy. Interestingly, the results suggest that 
stimulation efficacy is significantly correlated with the proximity of the electrode to 
the subiculum. That is, when the stimulation electrode was closer to the subiculum, 
the effects of stimulation were higher. This is the first clinical study supporting the 
participation of the subiculum in seizure generation and propagation. On the other 
hand, only a small number of patients were included in this study, and it cannot rule 
out the possibility of volume conductance effects, considering that the monopolar 
electrode was used. In our study, however, bipolar electrode was used, precisely 
targeting the area between the two electrode leads. Thus, the targeted subiculum 
should be in the focus of attention for further animal and clinical studies.  
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3.2 Several features of subicular stimulation
The subiculum shares some common characteristics with other areas in the 
hippocampus. For example, high density of bursting cells and recurrent excitatory 
connections within the subiculum to a certain degree determine its susceptibility to 
synchronous activities such as seizures (Kloosterman et al., 2004; Knopp et al., 2005). 
Our outcomes, however, suggest that the subiculum might contain some unique 
features as stimulation target: delayed or lasting effects on seizures and high 
sensitivity for responsive stimulation.
 Rather than the immediate effects, subicular stimulation also displayed lasting 
effects for focal seizures and delayed effects for generalized seizures. Such lasting 
and delayed effects indicate some long-term plastic changes induced by stimulation. 
Two studies (Wyckhuys et al., 2010; (Van Nieuwenhuyse et al., 2014) showed that 
hippocampal HFS (in the CA3) had short-term effects on seizures and no outlasting 
effects of stimulation were observed. In contrast, Rashid et al. (2012) reported that 
LFS of the ventral hippocampal commissure for two weeks had clear outlasting 
effects. Both the susbiculum and the ventral commisure are areas involved in the 
propagation of seizures to extrahippocampal network as subiculum is an output area 
of the hippocampal network and the hippocampal commissure connects both sides 
of the hippocampus. This prompted the question whether such delayed or outlasting 
effects are exclusive to the subiculum and commissure in the hippocampus. With the 
limited evidence so far, caution should be taken before making such a claim, and 
more experimental work needs to be conducted to address this question. 
 Our data also suggests that the subiculum is highly sensitive to responsive 
stimulation: a small amount of responsive stimulation can result in suppression of 
generalized seizures. Zhong et al. (2012) found that LFS even at double ADD delay can 
slow down the progression of kindling, suggesting a wider time window for subiculum. 
This is in strong contrast with the relatively short time window for other structures 
such as amygdala and EC – AD duration delay is effective but not longer. It is argued 
that such wider time window of the subiculum makes it suitable for responsive 
stimulation. Our data was consistent with their finding, in favor of the subiculum as 
DBS target, esp. for responsive stimulation. 
4. SE and DBS
One interesting finding in the second stimulation study (Chapter 6) is that the 
beneficial effects of stimulation were observed only on the non-SE rats. In contrast, 
no effects or opposite effects were found for the SE rats. This suggests that effects of 
stimulation depend on the severity of seizures and more importantly, stimulation 
could worsen seizures when subjects reach SE. 
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 There is a long-standing interest in electrical stimulation for the treatment of SE. 
Electroconvulsive therapy (ECT), for example, as the most studied type of stimulation 
for SE, has been applied to established SE with success in six out of seven studies 
(Carrasco Gonzalez et al., 1997; Cline and Roos, 2007; Griesemer et al., 1997; Kamel et 
al., 2010; Lisanby et al., 2001). Recently, some promising outcomes were obtained 
from transcranial magnetic stimulation (TMS) (Rotenberg et al., 2009). Regarding 
DBS, however, only one study (Hamani et al., 2009) reported that HFS of the ANT 
could increase seizure threshold and delay occurrence of SE following administration 
of pilocarpine. However, stimulation did not terminate established SE. In line with this 
finding, our data also showed that HFS of the subiculum had no effect or could even 
worsen seizures when rats reached established SE. 
 Why does DBS have distinct effects on different phase of SE (see Introduction 
3.1.2)? More specifically, which changes occur from a single seizure to the established 
SE, which might lead to little effects of DBS?
 It has been proposed that a series of biochemical and physiological changes are 
induced by seizures at different time scales (Chen and Wasterlain, 2006). From 
millisecond to seconds, for instance, primary changes take place such as ion channel 
open/close, transmitter release. From seconds to minutes receptor trafficking can 
cause changes of excitability by influencing number of inhibitory and excitatory 
receptors. Then from minutes to hours, plastic changes can happen in neuropeptide 
modulators, resulting in enhanced excitability. In the end, from hours to days, weeks 
after seizures, changes in gene expression take place. In vitro studies showed that 
during transition of single seizures to SE, changes such as endocytosis of GABAa 
receptors (Naylor et al., 2005) and accumulation of intracellular chloride (Kaila and 
Voipio, 1987; Staley et al., 1995) happen, leading to loss of GABA mediated inhibition. 
With longer time, SE can even induce process of epileptogenesis. Thus, early 
intervention is important and necessary when considering application of DBS, as with 
seizure development till self-sustaining state, a cascade of changes in brain would 
happen. However, intervention with subicular HFS during or on the first days after SE 
is not a treatment option.     
5. Future directions and other issues
One main aim in the present thesis was to investigate whether responsive stimulation 
of the subiculum is beneficial for seizure control and if so, which type of stimulation 
– responsive and scheduled stimulation - is more effective. Responsive stimulation 
group was compared to a control group that did not receive stimulation. This cannot 
exclude the possibility that stimulation itself rather than stimulation timing resulted 
in anticonvulsant effects. Thus, a yoked control group with controlled amount of 
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stimulation, independent of the occurrence of seizures should be included in future 
experiments to rule out such a possibility.
 One important finding in the seizure model is that persistent or delayed effects 
were observed on focal and generalized seizures two weeks after acute stimulation. 
This was not yet investigated in the chronic epilepsy model. It is necessary in a 
follow-up study to continue exploring whether there are lasting/lingering effects of 
stimulation on spontaneous seizures after stimulation is terminated.
 One ultimate question is whether the subiculum can serve as a potential DBS 
target. To address this question, our thesis, as a first step, investigated effects of 
different types of acute stimulation to the subiculum on acute seizures and 
spontaneous seizures. Acute stimulation was delivered to the rats ranging from 
several hours to 48 hours in different studies. Acute stimulation is less labor intensive, 
and can sufficiently meet the exploratory ends of these studies. In clinic, however, 
chronic stimulation is far more often applied to the patients with refractory epilepsy 
to achieve therapeutic effects. Therefore, more studies need to be conducted to 
prove the effects of sub-chronic or chronic stimulation of the subiculum.    
 In addition, there are other issues that need to be further addressed, which will 
be discussed as below.
5.1 Other potential targets
It has been difficult to choose a proper target of DBS for epilepsy treatment. It is 
tempting to target the focus – the hippocampus, more specifically the CA3 area – to 
block seizures where they are originated. Other target areas include regions that are 
involved in seizure generation such as the subiculum in the present thesis and 
entorhinal cortex (EC).
 The EC, is an important parahippocampal structure, sending projections via its 
shallow layers (Layer II and III) to the DG, CA3, CA1, subiculum and projecting back to 
its deep layers (Layer IV and V). EC serves a gate connecting the hippocampal 
formation and extra-hippocampal areas. 
 Gnatkovsky and colleagues (2008) reported an inhibitory network in the EC 
during the transition of seizures. Xu and group (2010) demonstrated that LFS of the EC 
can indeed reduce the progression rate of seizure stages on kindling acquisition and 
suppress generalized seizures in fully kindled rats. These anticonvulsant effects were 
present when LFS was applied immediate or 4s delay after kindling stimuli, but were 
not effective with 10s delay or ADD delay. This suggests that there is a time window 
for LFS of the EC. Later, Zhong et al. (2012) compared ADD delayed LFS to different 
areas including the Amygdala, EC and subiculum on kindling acquisition. The results 
showed that only subicular LFS with ADD delay can slow progress of seizure stages. 
The outcomes indicate that the EC has a shorter time window for LFS compared to the 
subiculum. Does it mean that the EC is less suitable for responsive stimulation, 
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compared to the subiculum? More experiments need to be conducted to investigate 
whether high frequency stimulation of the EC was anticonvulsant and if so, which 
type of stimulation acts better and which experimental epilepsy model should be 
chosen for optimal efficacy of stimulation. 
 These above mentioned areas – CA3, subiculum and EC – are gray matter targets 
involved in seizure generation or propagation. Another category of targets could be 
white matter tracts that serve as functional pathway for seizure propagation such as 
the ventral hippocampal commissure (VHC) and corpus callosum (CC).
The VHC connects heavily to the hippocampus and is thought to participate in seizure 
propagation. Kile and group (2010) demonstrated that LFS of the VHC (14 Hz) 
suppressed seizure frequency in a genetic mouse model. In a more recent study, 
Rashid and colleagues (2012) showed that continuous LFS (1 Hz) of the VHC for two 
weeks resulted in reduction of spontaneous seizure frequency and interictal spikes 
on 7 rats in the SE induced model of TLE. It would be interesting to investigate whether 
HFS of the VHC – in scheduled or responsive way– could have similar effects in seizure 
and epilepsy models of TLE.
 Meanwhile, CC was also considered as a target of DBS. Ozen et al. (2009) reported 
that LFS of the CC 1 min after cessation of AD suppressed seizure stage and shortened 
AD duration on kindling acquisition. They also found that LFS concurrent with seizures 
(1 s after seizure) led to less severe seizures and shorter ADD, indicating the potential 
effects of responsive stimulation of the CC. It seemed with these findings that the CC 
has a wider time window for intervention of DBS, suggesting it as a potential target 
for responsive stimulation. It is far too early to draw any conclusion from these limited 
data. It requests for continual experimental investigation to validate it as DBS target.
5.2 Different stimulation patterns
The stimulation protocol in our thesis is similar to the classic protocols in the clinic for 
epilepsy treatment: biphasic, 125 Hz with current width of 100 μs via a bipolar 
electrode. However, the stimulation protocols were designed primarily by trial and 
error approaches. A number of studies have been undertaken to explore different 
stimulation protocols to achieve optimal therapeutic effects.
 Among others, ‘temporal code’ stimulation has been recently proposed by 
changing timing of delivery of stimuli, as opposed to common periodic stimulation, in 
order to obtain better seizure control. Cota et al. (2009) has applied stimulation with 
pseudo randomized inter-stimulus interval (ISIs) in the PTZ model. They found that 
this type of stimulation increased the threshold of clonus and generalized tonic-clonic 
seizures compared to control and periodic stimulation. Wyckhuys et al. (2010a) also 
demonstrated that high frequency stimulation with Poisson distribution can reduce 
the number of spontaneous seizures in the KA induced model of TLE. Nelson and 
colleagues (2011a) applied similar Poisson distributed stimulation in a closed-loop 
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system at higher frequency (500-1000 Hz) in the GEARs rats. Their results showed 
that such stimulation can terminate spontaneous seizures. 
 Meanwhile, seizures are not restricted to the focus and might involve different 
areas with seizure evolution. Network analysis has begun to capture increasing 
attention, as it can provide valuable information on the interaction between different 
areas before and during seizures in the epileptic network. Although a seizure 
originates from a focal zone, it involves multiple regional and remote areas during its 
evolution, resulting in an epileptic network. With multiple channel recordings, 
network analysis can reveal more insights on how different areas synchronize during 
the initiation and propagation of seizures, which could shed new light on stimulation 
strategy to obtain higher efficacy.
 Thus, multiple electrode stimulations could be a new strategy to implement 
more complicated stimulation protocol. For instance, stimulation of the CA3 area, the 
focus can be accompanied with stimulation of other areas such as the subiculum to 
optimize the efficacy of stimulation. But how to stimulate them, more specifically, in 
synchronized or asynchronized way, that is, out-of-phase stimulation? It is intuitive 
that stimulation of multiple targets in synchrony could result in higher excitability of 
neural tissues in these targets. Womelsdorf et al. (2007) suggested that a larger 
effects can result from synchronized action of two groups of neurons when two are 
activated. Nelson and group (2011b) later demonstrated it with stimulation (60 Hz) in 
the motor cortex in 7 rats. They delivered current via four pairs of electrode to explore 
the action of periodic and synchronous stimulation (in four combinations). The 
outcomes showed that for both periodic and aperiodic stimulation, synchronous 
stimuli delivery increased seizure duration and severity. Recently, Cymerblit-Sabba et 
al. (2013) reported that stimulation with two stimulation electrodes at two 
asynchronous stimulation frequency (30/100, or 60/200 Hz) increased the probability 
of terminating seizures, compared to synchronous stimulation.
 Altogether, these studies suggest that synchronous stimulation via multiple 
electrodes should be avoided. Rather, stimulation via multiple electrodes should be 
delivered out-of-phase or with different frequencies in order to circumvent enhancement 
of excitability due to activation of multiple groups of neurons.    
5.3  Early detection and timing of DBS
An ideal scenario for seizure control is to develop a closed-loop prevention system: 
extraction of characteristic features from continuous recording EEG to predict an 
impending seizure and delivery of on-demand therapy. A variety of seizure prediction 
algorithms has been published with some degree of promising outcomes. However, 
these approaches were used on small and/or selected data without statistical 
validation, and were hardly reproduced (Carney et al., 2011). Therefore, despite some 
optimistic results in early studies, researchers so far have not yet found a reliable 
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seizure predication algorithm applicable for large group of patients for epilepsy 
treatment. 
 An alternative yet more realistic option is early seizure detection. The concept is 
to abort or block seizures as early as possible before brain has passed the ‘point of no 
return ’state with progression into generalized seizures. With early detection, there is 
an opportunity, a time window, for intervention and thus the potential to alter seizure 
evolution. However, early detection also comes at the cost of specificity. That is, the 
false positive detections arise when high sensitivity is required. It is, therefore, crucial 
to maintain a reasonable specificity when taking early detection into account. 
 Early detection hinges on a series of factors: detection algorithm, recording 
device, understanding of network interaction and so on. For example, high-density 
array of microelectrode or electrocorticography (ECoG) was thought to be important 
for identification of ictal onset zone, along with regular macroelectrode. Such micro-
electrodes can capture high frequency activities such as high frequency oscillations 
(HFOs) (Worrell et al., 2008). Other studies (Schevon et al., 2010; Stead et al., 2010) 
reported that these microelectrodes were capable to record highly localized activities 
such as micro discharges or microseizures, which might correlate with onset of 
seizures. In addition, placement of high density array could improve the spatial 
resolution for recording and thus has the potential to improve early detection (Jouny 
et al., 2011). 
 Early detection might still be a good option, or not, as demonstrated in our thesis, 
in combination with this target of DBS. 
5.4 Others
Although a body of neurophysiological work has been conducted on the subiculum in 
rodent models of TLE, only a few studies have investigated the subiculum in patients 
with TLE, mostly in slices (Cohen et al., 2002; Wozny et al., 2003). Limited evidence 
suggests that there are some connectivity differences across species. For example, 
amygdalo-hippocampal projections were mainly located in the promixty of the 
subiculum (proSub) in monkeys (Rosene and Van Hoesen, 1987), whereas they were 
also found in the CA1 in mice (Ding, 2013). However, some recent study showed that 
it is possible to compare the subiculum across species. Ding (2013) reviewed different 
sub-regions of the subiculum complex across rodent, monkey and human. They were 
able to identify the equivalent subregions across species by connection patterns and 
expressions of specific genes and neurochemicals. Although it is still early for 
application of subicular stimulation in patients, it is reasonable to infer that stimulation 
should be first delivered to the equivalent subregion of the subiculum to demonstrate 
the effects of DBS in human if this would be possible in the future.
 The last but not the least, in our studies the CA3 area is the presumed focus 
where KA was administrated to elicit seizures. It can be argued whether the injection 
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site is indeed where seizures are originated. Thus, a high-density microelectrode 
system or grid can be implanted in the future to confirm that the focal zone is indeed 
the injection area.
6. Conclusions 
The conclusions of the present thesis are summarized as below
1) Responsive stimulation of the subiculum can suppress seizures in different 
seizure and epilepsy rat models mimicking TLE. Even a small amount of responsive 
stimulation can already suppress seizures, suggesting that the timing of 
stimulation is crucial.
2) Both responsive and scheduled stimulation have anticonvulsant effects, 
indicating that the subiculum can be a potential target for DBS to control seizures. 
3) The anticonvulsant effects of subicular stimulation vary with different seizure 
induction protocols, depending on severity and type of seizures: acute and 
lasting effects on focal seizures and delayed effects on generalized seizures.
4) Stimulation worsens seizures in rats with SE, suggesting that subicular stimulation 
should be avoided in subjects with SE.
 All these, together with the relatively wider time window in which responsive 
stimulation of the subiculum is effective, suggests that the subiculum might be a 
desirable target for responsive DBS. 
 The current thesis sets a small yet crucial contribution to investigate the effects 
of subicular stimulation on seizure control, which will pave the way for future research 
to confirm the role of the subiculum as a target for epilepsy treatment. A series of 
studies need to be conducted to further explore the stimulation of the subiculum 
acutely or chronically, in responsive or scheduled fashion, or in special temporal 
pattern, or in combination of other targets with out-of-phase stimulation in animal 
models of TLE. Hopefully, with verification from animal models, DBS of the subiculum 
could be ultimately applied to human patients with refractory epilepsy to control 
seizures.
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English Summary
Deep brain stimulation (DBS) is regarded as a viable alternative treatment for refractory 
epilepsy such as temporal lobe epilepsy (TLE). DBS, especially high frequency stimulation 
(HFS) has been applied to patients with refractory epilepsy and has achieved moderate 
to positive effects. However, many crucial questions such as where, how and when to 
stimulate are not sufficiently answered as yet and deserve to be further explored. 
 In the introduction (Chapter 1), the clinical characteristics of epilepsy in general 
and TLE in particular were described, followed by an introduction of the key structures 
in TLE, the hippocampus and a major part of the hippocampus, the subiculum, the 
target region for DBS in the current thesis, on their basic anatomy, intrinsic and 
extrinsic features in relation to epilepsy. Next some commonly used animal models of 
TLE were introduced with emphasis on kainic acid (KA) induced seizure and epilepsy 
models. KA can induce seizures both via intrahippocampal injections and via systemic 
injections and both methods have been used in this thesis. An overview of the effects 
of DBS in the hippocampus was presented in animal models and in clinical trials. 
Conventionally, stimulation is delivered according to a predefined protocol 
independent of the occurrence of seizures, that is, scheduled stimulation. In contrast, 
responsive stimulation, delivering stimulation contingent upon the seizure events, 
can target seizures with a higher temporal specificity. The aim of the experiments as 
described in my thesis was to 1) develop a closed-loop system of DBS to that is capable 
to deliver responsive stimulation; 2) explore the effects of responsive and scheduled 
stimulation of the subiculum in different seizure and epilepsy models of TLE in rats.
 The application of responsive stimulation requires implementation of a brain 
computer interface (BCI) system. A BCI system refers to a communication system 
capable to acquire brain derived signals, detect real-time seizures and deliver 
therapies such as responsive stimulation. Over the recent years, application of BCI 
system became feasible in epilepsy research with development of technology in 
computer science and progress of seizure detection algorithms. In Chapter 2, BCI 
systems for epilepsy treatment were reviewed with special emphasis on DBS in 
epilepsy research. Some important issues were also stressed such as stimulation 
parameters to optimize the efficacy of stimulation.
 Animal models are important tools to investigate and explore the effects of 
stimulation. In Chapter 3, different repeated KA administration protocols were 
evaluated as seizure models of TLE, including different doses of KA. The outcomes 
showed that different protocols, namely, different inter-injection intervals can affect 
seizure type and seizure number: with a 48-hour interval, brain excitability to KA 
decreased indicating an intrinsic anti-convulsant mechanism of the brain itself, 
whereas with a 2-week interval, brain excitability was the same as after the first KA 
administration on Day 1, suggesting that the brain recovered from the seizures over a 
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period of two weeks. Both acutely and with 2-week interval high rates of acute 
seizures can be induced repeatedly and reliably, which is important for the 
investigation of the effects of responsive stimulation. A dose-effect relationship of KA 
induced seizures was found only on Day 15 rather than on Day 1, suggesting that the 
effects of KA take longer time to differentiate. About half the rats reached a continuous 
seizure state - status epilepticus (SE) after intrahippocampal KA injections on Day 1 in 
the various seizure induction protocols.
 A crucial step in any closed-loop BCI system is the development of a real-time 
seizure detection algorithm, which was described in Chapter 4. EEG features such as 
amplitude (relative to background signal) and spike frequency were used to detect 
seizures and interictal spikes. The performance of the program was evaluated on KA 
induced acute seizures. The program is capable to detect seizures early with sufficient 
sensitivity (>90%) and specificity (>80%) when individualized optimal parameters are 
used. This program has been used in some of the next experimental chapters. 
 Meanwhile, in Chapter 5 HFS was first applied to the subiculum in a seizure model 
of TLE when acute seizures were visually detected on EEG in order to investigate 
whether responsive stimulation of the subiculum has beneficial effects on the 
occurrence of seizures. DBS was applied only on the first day. The outcomes showed 
that responsive subicular stimulation can suppress the acutely induced focal seizures 
together with a longer inter-seizure interval and less interictal spikes on this first day. 
No effects of stimulation were found on seizure characteristics of the subsequent 
recording days. The outcomes of this experiment demonstrate that responsive 
stimulation of the subiculum has acute anticonvulsant effects. 
 Next, in Chapter 6 responsive stimulation was applied with implementation of 
real-time seizure detection program and compared with scheduled stimulation in a 
similar seizure model. DBS was applied to the rats on Day 1 only. The effects of acute 
DBS on KA induced seizures were evaluated 2-weeks later, when seizures were again 
elicited by KA. The anticonvulsant effects were observed on both types of stimulation 
and it was found that even a small amount of responsive stimulation can already 
suppress seizures. The stimulation mediated effects were dependent on whether SE 
was induced on the first day: DBS had clear anticonvulsant effects in the non-SE rats 
while no protective effect or even pro-convulsant effects were found in SE rats. Such 
effects differed for the type of seizures: acute and lasting effects for focal seizures 
and delayed effects on generalized seizures. 
 Considering the positive effects of subicular DBS on acute seizures in acute 
seizure models, the effects were next evaluated in a chronic epilepsy model of TLE 
(Chapter 7). Juvenile rats were systemically treated with KA, and 4 months later, they 
developed spontaneous focal and generalized seizures. Next they were exposed to 
responsive and scheduled stimulation to the subiculum for 48 hours. It was found 
that both type of stimulation can suppress spontaneous focal seizures.
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 The general discussion (Chapter 8) highlights the common and distinctive effects 
of subicular stimulation in the different studies (Chapter 5-7). The overall conclusions 
of the thesis are as follows:
1) A high rate of acute seizures can be obtained reliably and repeatedly with focal 
administration of KA in the CA3 region. 
2) The early online detection of seizures in a BCI system is possible.
3) Both responsive and scheduled stimulation had beneficial effects on seizures. 
Importantly, the high efficacy of responsive stimulation suggests that the 
subiculum is sensitive to timing of stimulation and could be a proper candidate 
for responsive stimulation. 
4) The anticonvulsant effects of subicular stimulation varied with different seizure 
induction protocols, depending on the severity and type of seizures: acute and 
lasting effects on focal seizures and delayed effects on generalized seizures. The 
effects on both focal and generalized seizures indicate that stimulation of the 
subiculum can affect the epileptic network outside the hippocampus; the 
presence of immediate and lasting/delayed effects on seizures might reflect 
multiple mechanisms of DBS. 
5) Subicular stimulation has no or even proconvulsant effects on established SE, 
indicating that stimulation should be avoided in patients who have SE. 
 In the last paragraph future directions were proposed to continue the evaluation 
of subicular stimulation and some important issues such as stimulation pattern and 
other stimulation targets were also discussed.
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Diepe Hersen stimulatie (DHS), in het Engels vaak afgekort als DBS, wordt beschouwd 
als een levensvatbare alternatieve behandeling voor refractaire epilepsie waarbij via 
een in de hersenen geïmplanteerde elektrode een deelgebied elektrisch gestimuleerd 
wordt. Temporaal kwab epilepsie (TKE) is een vorm van epilepsie die in aanmerking 
komt voor DHS. DHS, vooral met hoge frequenties (> 60 Hz) in het anterieure gedeelte 
van de thalamus, wordt steeds vaker bij deze groep mensen met epilepsie toegepast 
met redelijk positieve resultaten. Er blijven echter veel vragen bestaan, zoals waar, 
hoe en wanneer er het best gestimuleerd kan worden en die vragen verdienen het 
om verder onderzocht te worden. 
 In de inleiding (Hoofdstuk 1) worden eerst de klinische eigenschappen van TKE 
besproken. Dit wordt gevolgd door het bespreken van de anatomie van de 
belangrijkste hersenstructuur die verantwoordelijk is voor deze vorm van epilepsie, 
de hippocampus en een deel van de hippocampus, het subiculum. Het subiculum is 
het doelgebied van de elektrisch stimulatie studies zoals die hier in dit proefschrift 
beschreven worden.  Vervolgens worden diermodellen voor TKE besproken, waarbij 
het accent ligt op de modellen waarbij de epileptische aanvallen (seizures) opgewekt 
worden door de toediening van Kaïnezuur (KaZ). 
 Met de verschillende toedieningswijzen (intrahippocampale injecties dan wel 
systemische toediening) kunnen zowel acute focale en gegeneraliseerde aanvallen 
worden opgewekt, maar ook spontane epileptische aanvallen; beiden methodes zijn 
in dit proefschrift toegepast. De beide injectie protocollen induceren zowel focale en 
gegeneraliseerde aanvallen. Dan volgt een overzicht van de effecten van hippocampale 
DHS in zowel diermodellen als in klinische trials. Gewoonlijk wordt stimulatie 
toegediend volgens een van te voren opgesteld protocol, en vindt stimulatie plaats 
ongeacht of er aanvallen optreden. Deze vorm wordt wel open loop genoemd. Bij een 
andere vorm van stimulatie, closed-loop, wordt er alleen gestimuleerd indien er een 
seizure gedetecteerd wordt. Deze vorm van stimulatie heeft een hogere temporele 
specificiteit.  
 De doelstelling van de uitgevoerde experimenten is enerzijds het ontwikkelen 
van een hersen-computer interface (HCI), de evaluatie en de toepassing ervan, 
waarbij in real-time het brein gestimuleerd wordt indien er een aanval gedetecteerd 
wordt. Het HCI refereert aan een communicatie system waarbij in ons geval de EEG 
signalen afkomstig van de hersenen van de epileptische rat in real-time geanalyseerd 
worden op de aanwezigheid van epileptoforme activiteit en dat contingent hieraan 
de hersenen elektrisch gestimuleerd worden. Door de ontwikkeling van computer 
technologieën en van betere en snellere signaal analytische technieken om aanvallen 
real-time te detecteren is de ontwikkeling van zulk een systeem mogelijk geworden 
en kan dit gebruikt worden voor wetenschappelijk epilepsie onderzoek en weldra en 
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ook al inmiddels voor klinische trials. Anderzijds, de doelstelling is het evalueren en 
vergelijken van de effecten op de twee vormen van stimulatie (open- en closed-loop) 
van het subiculum in verschillende seizure en epilepsie modellen van TKE in ratten op 
aantal en type epileptische aanvallen. 
 In Hoofdstuk 2 wordt een literatuur overzicht gepresenteerd over HCI systemen 
met de nadruk op DHS en toepassingen binnen epilepsie onderzoek.   Diermodellen 
zijn onmisbare hulpmiddelen om de effecten van stimulatie te onderzoeken en 
nieuwe methodes te exploreren. In Hoofdstuk 3 worden verschillende protocollen 
geëvalueerd waarbij KaZ volgens een aangepast protocol herhaaldelijk wordt 
toegediend als model voor TKE. De uitkomsten laten zien dat met name het interval 
gemeten in dagen tussen verschillende injecties met KaZ bepalend is voor het aantal 
en type aanvallen dat opgewekt kan worden. Indien het interval 48 uur bedraagt, dan 
neemt de gevoeligheid voor KaZ af, hetgeen mogelijkerwijs wijst op de activiteit van 
endogene anti-epileptische activiteit. Bij een interval van twee weken is er geen 
verschil in gevoeligheid tussen de 1e en 2e injectie met KaZ. Deze twee resultaten 
samen suggereren dat de duur van het anti-epileptisch proces dat door de eerste 
toediening van KaZ opgewekt wordt, om en nabij twee weken duurt.  
 Met beide protocollen bleek het mogelijk om veel en verschillende aanvallen op 
te wekken, niet onbelangrijk als het gaat om de effecten van responsieve elektrische 
stimulatie te kunnen onderzoeken. De dosis van de in het brein toegediende Ka bleek 
niet erg bepalend te zijn voor aantal en type aanvallen: alleen 15 dagen na de eerste 
toediening bleek de dosis kritisch te zijn en er een dosis afhankelijkheid te zien was. 
Dit impliceert dat KaZ tijd nodig heeft om tot differentiële effecten te komen. In 
verschillende experimenten waarin KaZ intrahippocampaal toegediend is, is telkens 
gevonden dat ongeveer de helft van de dieren de toestand van “status epilepticus” 
bereikt.
 De principes en een evaluatiestudie van het real-time epilepsie detectie systeem 
zijn in Hoofdstuk 4 beschreven. Eigenschappen van het EEG zoals amplitude van de 
seizures ten opzichte van het achtergrond EEG en de frequentie van de spikes zijn 
gebruikt om seizures en interictale spikes te detecteren. Het algoritme heeft een 
voldoende gevoeligheid (>90%) en specificiteit (>80%) indien er voor iedere rat 
verschillende parameters gebruikt worden. Het HCI systeem, waarvan het detectie 
systeem deel van uit maakt, is gebruikt in een aantal van de volgende hoofdstukken.
In Hoofdstuk 5 is een experiment beschreven waarbij closed-loop hoog frequente 
stimulatie (130 Hz) van het subiculum in een acuut TKE model toegediend is op dag 1 
en onderzocht is of deze vorm van stimulatie gevolgen heeft voor de aanwezigheid 
van verschillende soorten aanvallen op dag 1 en 48 uur later. Hier zijn de seizures 
vooralsnog visueel gedetecteerd.  De uitkomsten lieten zien dat met name de acute 
focale aanvallen alsmede de interictale spikes op de eerste dag onderdrukt worden 
door deze vorm van stimulatie van het subiculum. 
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 In Hoofdstuk 6 is closed-loop stimulatie toegepast met behulp van het geïmple-
menteerde real-time seizure detectie systeem en zijn de effecten  van deze vorm van 
stimulatie vergeleken met die van open loop stimulatie. DHS wordt aangeboden als 
de ratten door KaZ geïnduceerde seizures hebben, twee weken later worden opnieuw 
seizures opgewekt. De resultaten lieten zien dat beide vormen van stimulatie een 
anticonvulsieve werking bewerkstelligen en dat met een geringe duur van closed-loop 
stimulatie al positieve effecten te zien zijn. De door stimulatie geïndiceerde effecten 
waren afhankelijk van of SE optrad na de eerste KaZ injecties: DHS was alleen effectief 
bij de ratten waarbij geen SE optrad en er waren geen therapeutische effecten bij de 
ratten die wel SE te zien gaven.  De positieve effecten op de focale aanvallen waren 
zowel acuut and twee weken later aanwezig, op de generaliseerde aanvallen 
uitsluitend na twee weken. 
 In Hoofdstuk 7 zijn de effecten van open- en closed-loop stimulatie van het 
subiculum gedurende een periode van 48 uur onderzocht in een chronisch epilepsie 
model. Daarnaast is de excitabiliteit van het subiculum gemeten met behulp van 
elektrisch opgewekte potentialen. Juveniele ratten krijgen eerst een systemische 
injectie met KaZ; vier maanden later laten de ratten spontane epileptische aanvallen 
zien.  Gevonden is dat beide type stimulatie de spontane focale aanvallen 
onderdrukken en dat generaliseerde aanvallen vrijwel niet optreden.  De excitabiliteit 
van het subiculum verandert niet. 
 In de discussie in Hoofdstuk 8 worden de gebruikte methodes om seizures en 
epilepsie modellen te induceren, het HCI systeem en de overeenkomsten en 
verschillen tussen de verschillende effecten van stimulatie van het subiculum 
besproken. De belangrijkste conclusies zijn:
1) Focale toediening van KaZ in het CA3 gedeelte van de hippocampus induceert op 
betrouwbare wijze een groot aantal zowel focale als gegeneraliseerde aanvallen. 
2) Het is mogelijk om met het door ons ontwikkelde real-time detectie systeem 
verschillende types seizures snel te detecteren en contingent hieraan de 
hersenen elektrisch te stimuleren.  
3) Zowel open als closed loop stimulatie van het subiculum reduceert het aantal 
aanvallen. De positieve effecten van een geringe hoeveelheid closed-loop 
stimulatie zijn opmerkelijk en suggereren dat het subiculum extra gevoelig is 
voor het moment van stimuleren en dat met name closed-loop een interessante 
optie kan zijn voor behandeling. 
4) De anticonvulsieve werking van stimulatie van het subiculum is afhankelijk van 
het type aanvallen: zowel acute en lang durende effecten zijn gevonden voor de 
focale seizures maar alleen lang durende voor de gegeneraliseerde seizures.
5) De resultaten doen vermoeden dat stimulatie van het subiculum meerdere 
effecten heeft en dat zowel het hippocampale als een extrahippocampale 
netwerk beïnvloed wordt. 
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6)  Stimulatie van het subiculum is niet effectief tijdens SE en dient vermeden te 
worden bij patiënten.
 In de laatste paragraaf worden tenslotte verdere suggesties gegeven voor vervolg 
onderzoek over stimulatie van het subiculum. 
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